Modeling sea salt and sulfate aerosol over the global oceans to understand the origins of marine cloud condensation nuclei and the impact of pollution on them by Fan, Tianyi
University of Colorado, Boulder
CU Scholar
Atmospheric & Oceanic Sciences Graduate Theses
& Dissertations Atmospheric & Oceanic Sciences
Spring 1-1-2012
Modeling sea salt and sulfate aerosol over the global
oceans to understand the origins of marine cloud
condensation nuclei and the impact of pollution on
them
Tianyi Fan
University of Colorado at Boulder, fan_tianyi@yahoo.com.cn
Follow this and additional works at: http://scholar.colorado.edu/atoc_gradetds
Part of the Atmospheric Sciences Commons
This Dissertation is brought to you for free and open access by Atmospheric & Oceanic Sciences at CU Scholar. It has been accepted for inclusion in
Atmospheric & Oceanic Sciences Graduate Theses & Dissertations by an authorized administrator of CU Scholar. For more information, please contact
cuscholaradmin@colorado.edu.
Recommended Citation
Fan, Tianyi, "Modeling sea salt and sulfate aerosol over the global oceans to understand the origins of marine cloud condensation
nuclei and the impact of pollution on them" (2012). Atmospheric & Oceanic Sciences Graduate Theses & Dissertations. Paper 18.
	  	  
Modeling	  sea	  salt	  and	  sulfate	  aerosol	  over	  the	  global	  oceans	  to	  
understand	  the	  origins	  of	  marine	  cloud	  condensation	  nuclei	  and	  
the	  impact	  of	  pollution	  on	  them	  
	  
by	  
Tianyi	  Fan	  B.	  S.	  and	  M.S.	  San	  Yat-­‐Sen	  University,	  2005	  	  	  	  	  A	  thesis	  submitted	  to	  the	  	  Faculty	  of	  the	  Graduate	  School	  of	  the	  	  University	  of	  Colorado	  in	  partial	  fulfillment	  	  of	  the	  requirement	  for	  the	  degree	  of	  	  Doctor	  of	  Philosophy	  Department	  of	  Atmospheric	  and	  Oceanic	  Sciences	  2012	  	  
	   This	  thesis	  entitled:	  Modeling	  sea	  salt	  and	  sulfate	  aerosol	  over	  the	  global	  oceans	  to	  understand	  the	  origins	  of	  marine	  cloud	  condensation	  nuclei	  and	  the	  impact	  of	  pollution	  on	  them	  
written	  by	  Tianyi	  Fan	  
has	  been	  approved	  for	  the	  Department	  of	  Atmospheric	  and	  Oceanic	  Sciences	  
	  
	  
	  	  	  	  	  Dr.	  Owen	  B.	  Toon	  	  	  
	  	  	  	  	  	  	  	  	  Date	  	  	  	  
	  	  	  	  	  Dr.	  Weiqing	  Han	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Date	  	  The	  final	  copy	  of	  this	  thesis	  has	  been	  examined	  by	  the	  signatories,	  and	  we	  find	  that	  both	  the	  content	  and	  the	  form	  meet	  acceptable	  presentation	  standards	  of	  scholarly	  work	  in	  the	  above	  mentioned	  discipline.	  	  	  
	  	   iii	  
Fan,	  Tianyi,	  (Ph.D.,	  Department	  of	  Atmospheric	  and	  Oceanic	  Sciences)	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  and	  sulfate	  aerosol	  over	   the	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  oceans	   to	  understand	   the	  origins	  of	  marine	  cloud	  condensation	  nuclei	  and	  the	  impact	  of	  pollution	  on	  them	  Thesis	  directed	  by	  Dr.	  Owen	  B.	  Toon	  	   Over	   the	   oceans,	   anthropogenic	   aerosols	   compete	  with	   natural	   aerosols	   from	   sea	  spray	   and	   oceanic	   phytoplankton-­‐derived	   sulfate	   to	   create	   cloud	   condensation	   nuclei	  (CCN).	   	  To	  understand	  the	   impact	  of	  pollution	  on	  the	  marine	  CCN,	  we	  need	  knowledge	  of	  both	  natural	   and	   anthropogenic	   aerosols.	   In	   this	   research,	  we	  model	   sea	   salt	   and	   sulfate	  aerosol	  in	  a	  coupled	  climate	  and	  sectional	  microphysical	  model,	  CAM/CARMA.	  We	  develop	  a	   sea	   salt	   source	   function,	   CMS,	   based	   upon	   several	   earlier	   source	   functions	   (Clarke,	  Monahan,	  and	  Smith).	  The	  CMS	  source	  function	  is	  capable	  of	  reproducing	  observed	  sea	  salt	  mass,	  optical	  depth	  and	  number	  concentration	  as	  well	  as	  the	  size	  distribution	  better	  than	  other	   source	   function	   choices	   we	   tried.	   However,	   as	   we	   note,	   it	   is	   also	   important	   to	  properly	  set	  the	  removal	  rate	  of	  the	  particles	  to	  reproduce	  the	  observed	  abundances.	  The	  simulated	  non-­‐sea-­‐salt	  sulfate	  mass	  agrees	  well	  with	  the	  observations.	  Direct	  emission	  of	  sulfate	   from	  sea	  spray	   is	   the	   largest	  source	  of	  marine	  sulfate	  aerosol	  and	  depends	  on	  the	  sea	   salt	   emission.	  Non-­‐sea-­‐salt	   sulfate	   from	  gas-­‐	  and	  aqueous-­‐phase	  conversion,	   together	  with	  sea	  salt,	   contributes	   to	   the	  marine	  CCN	  over	   the	  mid-­‐latitude	  Northern	  Hemisphere,	  while	  sea	  salt	  dominates	  the	  CCN	  over	  the	  Southern	  Ocean.	  Human	  impact	  on	  marine	  CCN	  extends	   to	   45	   oS.	   Anthropogenic	   sulfur	   emissions	   are	   responsible	   for	   about	   35%	   of	   the	  surface	   layer	   CCN	   over	   the	   global	   oceans.	   With	   doubling	   the	   year	   2000	   anthropogenic	  sulfur	  emissions.	  Surface	  layer	  CCN	  increases	  by	  about	  22%	  over	  the	  global	  oceans	  if	  sulfur	  emissions	   are	  doubled	   from.	  With	  no	  or	  double	   anthropogenic	   emissions,	   the	   changes	   in	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the	  surface	  layer	  CCN	  number	  over	  the	  Southern	  Hemisphere	  oceans	  are	  usually	  less	  than	  10%.	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  Hoppel	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Figure	  2.2	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  shown	  for	  (a)	  cross-­‐sectional	  area	  and	  (b)	   mass	   as	   a	   function	   of	   dry	   radius.	   The	   three	   groups	   of	   curves	   represent	   the	   size	  distribution	   under	   wind	   speeds	   of	   5,	   10,	   and	   20ms−1	   from	   bottom	   to	   top.	   The	   source	  functions	  are	  corrected	  for	  gravitational	  sedimentation	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  Hoppel	  et	  al.	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Figure	   2.3	  Gravitational	  velocities	  and	  deposition	  velocities	  at	   the	  grid	  cells	  where	  wind	  speeds	   are	   10ms−1	   and	   5ms−1	   over	   the	   ocean.	   Variations	   of	   the	   curves	   reflect	   the	  difference	  in	  relative	  humidity	  and	  temperature	  at	  different	  locations.	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Figure	  2.4	  The	  ratio	  of	  wet	  to	  dry	  radius	  at	  different	  relative	  humidity	  values	  using	  Gerber	  (1985).	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Figure	  2.5	  The	  mass	  wet	  scavenging	  residence	  time	  and	  loss	  rate	  at	  solubility	  factors	  from	  0.25	  to	  1.0.	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Figure	   2.6	   Seasonal	   variations	   and	   scatter	   plot	   of	   mass	   concentrations	   in	   the	   marine	  boundary	  layer	  comparing	  the	  model	  results	  to	  the	  measurements	  at	  eight	  coastal	  sites	  by	  the	  University	  of	  Miami	  global	  network	  (SP	  data,	  Savoie	  and	  Prospero,	  1977)	  in	  1994.	  We	  used	  the	  CMS	  source	  function	  with	  a	  solubility	  factor	  of	  0.5.	  The	  solid	  line	  in	  the	  scatter	  plot	  is	  the	  total	  linear	  fit	  to	  all	  the	  data.	  The	  grey	  short	  dash	  line	  is	  the	  one-­‐to-­‐one	  line	  and	  the	  grey	  long	  dashed	  lines	  are	  the	  one-­‐to-­‐two	  and	  two-­‐to-­‐one	  lines.	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Figure	   2.7	   Inland	   transport	   of	   submicron	   sea-­‐salt	   mass	   comparing	   between	   (a)	   the	  IMPROVE	  dataset	  and	  (b)	  the	  model	  using	  the	  CMS	  source	  function	  with	  solubility	  factor	  of	  0.5,	  unit:	  μgm−3.	   IMPROVE	  data	  are	  the	  year	  average	  of	  2006,	  PM2.5	  (diameter	  <2.5	  μm)	  chloride	  multiplied	  by	  1.8.	  Model	  values	  are	  the	  averages	  of	  March,	  June,	  September	  2006,	  with	  upper	  limit	  of	  0.95	  μm	  in	  dry	  radius.	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Figure	  2.8	  Monthly	  averaged	  model	  and	  AERONET	  coarse-­‐mode	  500	  nm	  optical	  depths	  at	  Midway	  Island	  (28	  oN,	  177	  oW)	  in	  2006.	  Simulations	  using	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  are	  compared	  here	  using	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.9	  Wind	  speed	  dependence	  of	  sea-­‐salt	  optical	  depth	  in	  (a)	  North	  Atlantic	  and	  (b)	  roaring	  forties	  (60	  oS–40	  oS)	  in	  1994.	  Dots	  are	  the	  modeled	  yearly-­‐averaged	  optical	  depths	  displayed	   in	   the	   middle	   of	   the	   wind	   speed	   interval.	   Error	   bars	   represent	   one	   standard	  deviation	  of	  the	  values	  in	  the	  region.	  The	  dashed	  lines	  are	  the	  optical	  depths	  of	  the	  power-­‐law	  relationship	  of	  Mulcahy	  et	  al.	  (2008)	  using	  model	  10m	  wind	  speed	  with	  constant	  term	  scaled	  down	  to	  0.02.The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.10	  Modeled	  optical	  depth	  compared	  with	  calculated	  optical	  depth	  by	  Mulcahy	  et	  al.	  (2008)	  wind	  speed-­‐optical	  depth	  relationship	  in	  1994.	  The	  slope	  of	  the	  regression	  line	  
	  	   x	  
and	  the	  correlation	  (R)	  are	  shown.	  The	  long	  dash	  line	  is	  the	  one-­‐to-­‐one	  line	  and	  the	  short	  dash	  lines	  are	  one-­‐to-­‐two	  and	  two-­‐to-­‐one	  lines.	  Each	  triangle	  is	  a	  monthly-­‐mean	  of	  a	  10	  o	  latitude	  region.	  Colors	  represent	  the	  latitudes.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.11	  Wind	  speed	  dependence	  of	  the	  number	  concentration	  in	  the	  model	  compared	  with	  measurements	   by	  O’Dowd	  and	   Smith	   (1993)	  during	  October	   1994	   in	   the	  Northeast	  Atlantic	  (63	  oN,	  8	  oW)	  in	  the	  dry	  radius	  range	  (a)	  0.40–1.50	  μm,	  (b)	  0.19–0.42	  μm,	  (c)	  0.10–0.15	   μm,	   and	   (d)	   0.05–0.10	   μm.	   The	   dots	   are	   the	   modeled	   number	   with	   error	   bars	  representing	  one	  standard	  deviation.	  The	  solid	  lines	  are	  the	  linear	  fits.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.12	  Wind	  dependence	  of	  number	  concentration	  of	  the	  model	  in	  the	  South	  Pacific	  compared	  to	  the	  function	  of	  O’Dowd	  and	  Smith	  (1993)	  and	  the	  ACE-­‐1	  data.	  The	  error	  bars	  represent	  one-­‐standard	  deviation	  of	  the	  model	  results.	  The	  model	  and	  O’Dowd	  and	  Smith	  data	   are	   for	   dry	   radius	   0.05–0.15	   μm	   and	   0.19–0.42	   μm.	   The	   ACE-­‐1	   data	   are	   for	   radius	  0.075–0.5	  μm.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	  Figure	  2.12	  indicates	  the	  model	  values	  have	  a	  zero	  wind	  offset	  (of	  about	  10	  cm−3),	  which	  is	  larger	  than	  the	  observed	  zero	  wind	  speed	  offset.	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Figure	   2.13	  Emission	   fluxes	  of	  0.15	  μm	  dry	  radius	  sea-­‐salt	  at	  different	  wind	  speeds.	  The	  dots	  with	  error	  bars	  are	  the	  model	  parameterized	  emission	  fluxes.	  The	  solid	  line	  is	  the	  log-­‐linear	  fit	  for	  wind	  speed	  range	  4–12	  ms−1.	  The	  dashed	  line	  is	  the	  emission	  flux	  by	  Norris	  et	  al.	   (2008).	   The	   model	   values	   were	   averaged	   over	   the	   area	   of	   ship	   measurement	   at	   the	  United	   States	   east	   coast	   (24	   oN	  –36	   oN,	   50	   oW	  –77	   oW).	  The	  model	  used	   the	  CMS	   source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.14	  (a)	  volumetric	  size	  distribution	  s	  a	  function	  of	  wet	  radius	  compared	  between	  the	   vertical	   integration	   of	   the	   simulations	   and	   AERONET	   inversion	   product	   at	   Midway	  Island	  in	  March,	  June,	  and	  September	  2006.	  The	  shaded	  area	  around	  the	  model	  curve	  is	  one	  standard	  deviation	  of	  all	  the	  daily	  size	  distributions;	  (b)	  same	  as	  (a)	  but	  for	  cross-­‐sectional	  area	   size	  distribution.	  The	  model	  used	   the	  CMS	  source	   function	  and	  a	   solubility	   factor	  of	  0.5.	  Different	  vertical	  scales	  are	  used	  for	  the	  model	  and	  AERONET	  to	  make	  the	  total	  volume	  and	  cross-­‐sectional	  area	  the	  same	  for	  particles	  larger	  than	  0.44	  μm.	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Figure	   2.15	   Surface	   number	   size	   distribution	   versus	   dry	   radius	   compared	   between	   the	  modeled	  distribution	  and	  Lewis	  and	  Schwartz	  (2004)	  canonical	  distribution	  and	  O’Dowd	  et	  al.	   (1993)	   empirical	   relationship	   at	   Midway	   Island	   in	   June	   2006.	   The	   model	   used	   a	  solubility	  factor	  of	  0.5.	  We	  multiply	  the	  whole	  size	  distributions	  by	  normalizing	  factors	  of	  2.241,	  0.891,	  2.038,	  and	  1.849	  for	  Lewis	  and	  Schwartz	  (2004),	  O’Dowd	  et	  al.	  (1993),	  Gong,	  and	  Caffrey	  function,	  respectively.	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Figure	   2.16	   Percentage	   of	   number	   concentration	   with	   dry	   radius	   larger	   than	   the	   value	  indicated	  in	  the	  model	  bottom	  layer	  compared	  between	  model	  results	  using	  Gong,	  Caffrey	  and	  CMS	  source	  function	  and	  Clarke	  et	  al.	  (2006).	  The	  model	  size	  distributions	  are	  from	  the	  grid	  cell	  containing	  the	  Midway	  Island	  in	  June	  2006.	  The	  model	  used	  a	  solubility	  factor	  of	  0.5.	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Figure	   2.17	   Same	   as	   Figure	   2.15	   except	   for	   (a)	   mass	   and	   (b)	   cross-­‐sectional	   area	   size	  distribution.	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Figure	   2.18	   Percentage	   of	   number,	   cross-­‐sectional	   area,	   and	  mass	   size	   distribution	   less	  than	  a	  particular	  radius	  in	  the	  dry	  radius	  range	  from	  0.01–15.2	  μm.	  The	  number	  and	  mass	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   are	   for	   bottom	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   The	   cross-­‐sectional	   area	   is	   calculated	   for	   humidified	  particles	   in	   the	  whole	   column.	  These	   are	   the	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   distributions	   at	  Midway	   Island	   in	   June	  2006	  using	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	   2.19	  Modeled	   global	   distribution	   of	   SSA	   optical	   depth	   in	   the	   boreal	  winter	   (DJF,	  December,	   January,	  and	  February)	  and	  summer	  (JJA,	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   July,	  and	  August)	  of	  2006.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.20	  Modeled	  global	  distribution	  of	  SSA	  surface	  number	  concentration	  in	  the	  boreal	  winter	  (DJF,	  December,	  January,	  and	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  and	  summer	  (JJA,	  June,	  July,	  and	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  of	  200	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  2.21	  The	  dry	  deposition,	  wet	  scavenging	  and	  total	  loss	  rate	  of	  particles	  as	  a	  function	  of	   dry	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  February	  (DJF).	  The	  model	  used	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.22	  Modeled	  global	  distribution	  of	  marine	  boundary	  layer	  CCN	  at	  supersaturation	  of	   0.1%	   in	   the	   boreal	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   (DJF,	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   January,	   and	   February)	   and	   summer	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  of	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  function	  and	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  factor	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  3.1	  	  Sulfate	  cycle	  in	  MBL	  represented	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  this	  model.	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  3.2	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   3.3	   The	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   fraction	  of	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  particles	   as	   a	   function	  of	   geometric	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  3.4	  Annual-­‐mean	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  3.5	  Annual-­‐mean	  zonal-­‐averaged	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Chapter	  1.	  	  Introduction	  Marine	  aerosols	  are	  ubiquitous	  over	  the	  global	  oceans	  that	  cover	  70%	  of	  the	  Earth’s	  surface.	   They	   are	   the	   largest	   contributor	   to	   the	   global	   aerosol	   budget.	   They	   have	   both	  natural	   and	  anthropogenic	  origins.	  The	  major	   component	  of	  marine	  aerosols	   are	   sea	   salt	  and	   sulfate	  with	  a	   small	   fraction	  of	  organics	   and	  other	   chemical	   species.	   Sea	   salt	   aerosol	  (SSA)	   is	   the	  most	   abundant	   aerosol	   species	   in	   nature	   by	  mass.	   They	   originate	   from	   sea-­‐spray	  droplets	  produced	  by	  wind-­‐driven	  process	  over	  the	  ocean.	  They	  have	  relatively	  large	  sizes	   and	   short	   lifetimes.	   Sulfate	   aerosols	   have	   both	   natural	   and	   anthropogenic	   sources.	  Natural	   sulfate	   aerosols	   in	   the	   marine	   boundary	   layer	   mostly	   originate	   from	   sulfate	  dissolved	   in	   the	  ocean,	  which	   is	   emitted	  along	  with	   sea	   salt	   in	   spray	  droplets.	   	  However,	  there	  is	  also	  sulfate	  that	  did	  not	  originate	  from	  spray	  droplets	  referred	  to	  as	  non-­‐sea-­‐salt	  (NSS)	   sulfate.	   Some	  NSS	  sulfate	  originates	   from	  natural	   sources.	   	  The	  marine	  biota	  emits	  dimethylsulfide	   (DMS).	   DMS	   is	   oxidized	   to	   form	   sulfuric	   acid	   gas	   (H2SO4)	   and	   then	  converted	  to	  sulfate	  aerosols.	  There	  is	  also	  anthropogenic	  sulfate	  over	  the	  oceans.	  Most	  of	  the	  anthropogenic	  sulfate	  aerosols	  are	  formed	  from	  continental	  emissions	  of	  sulfur	  dioxide	  (SO2)	   (a	   small	   fraction	   (2%-­‐5%)	   of	   sulfate	   aerosols	   are	   directly	   emitted	   in	   the	   particle	  form),	  and	  some	  SO2	  is	  emitted	  by	  ships.	  The	  gas-­‐to-­‐aerosol	  formation	  process	  not	  only	  can	  occur	   in	   the	   air	   (gas-­‐phase),	   but	   also	   inside	   clouds	   (aqueous-­‐phase).	   Similarly,	   sulfate	  aerosol	  production	  can	  occur	  in	  sea	  salt	  particles.	  Sea	  salt	  and	  sulfate	  aerosols	  are	  usually	  observed	   to	   be	  mixed	   together	   (O’Dowd	   and	   Smith,	   1993).	   Both	   sea	   salt	   and	   sulfate	   are	  hygroscopic	  and	  are	  very	  good	  cloud	  condensation	  nuclei	  (CCN).	  Human	  activities	  generally	  increase	  the	  aerosol	  abundance.	  	  Aerosols	  in	  turn	  change	  the	  atmospheric	  energy	  budget	  by	  absorbing	  and	  scattering	  solar	  radiation,	  and	  to	  a	  lesser	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extent	  infrared	  radiation.	  This	  effect	  is	  known	  as	  the	  “direct	  effect	  of	  aerosols	  on	  climate”.	  	  Moreover,	   as	   CCN,	   anthropogenic	   aerosols	   enhance	   cloud	   particle	   concentrations,	   which	  can	   increase	  cloud	  albedo	  and	  prolong	  cloud	   lifetime.	  This	  change	   in	  cloud	  properties	  by	  aerosols	   is	   known	   as	   the	   “indirect	   effect	   of	   aerosols	   on	   climate”.	   The	   indirect	   effect	   of	  aerosols	  remains	  the	  largest	  source	  of	  uncertainty	  in	  the	  climate	  change	  (IPCC,	  2007).	  	  A	  critical	  aspect	  of	   this	  uncertainty	   is	   the	   role	  of	  anthropogenic	   sulfur	  emissions	   in	  changing	   the	  CCN	  over	   the	  oceans	   since	   the	   largest	   cloud	   forcing	   is	   from	  marine	   stratus,	  which	   cover	   1/3	   of	   the	   global	   oceans.	   It	   has	   been	   pointed	   out	   by	  many	   studies	   that	   the	  complexity	   of	   the	   CCN	   forming	   processes	   in	   the	  marine	   boundary	   layer	   should	   be	   taken	  into	   account	   when	   investigating	   anthropogenic	   effects.	   SSA	   and	   DMS	   derived	   sulfate	  aerosol	   from	   natural	   sources	   compete	   with	   the	   anthropogenic	   aerosol	   to	   create	   CCN.	  Therefore,	  the	  contribution	  of	  anthropogenic	  sulfate	  emission	  to	  the	  CCN	  of	  marine	  stratus	  clouds	   requires	   knowledge	   of	   the	   interaction	   of	   anthropogenic	   CCN	   with	   natural	   CCN.	  However,	  although	  most	  current	  global	  models	  include	  the	  marine	  aerosol	  cycle,	  not	  much	  research	   emphasizes	   the	   role	   of	   sulfate	   interaction	   with	   preexisting	   natural	   particles	   in	  assessing	  the	  global	  forcing	  of	  anthropogenic	  sulfate	  over	  the	  ocean.	  	  To	  understand	  the	  origin	  of	  marine	  CCN	  and	  the	  impact	  of	  anthropogenic	  activities	  on	  it,	   I	   investigate	   the	   abundance	   and	   the	  microphysical	   interactions	   of	   sea	   salt	   and	   sulfate	  aerosols.	  Numerous	   field	  campaigns	  have	  occurred	  over	  the	  global	  oceans,	  such	  as	  ACE-­‐I,	  INDOEX,	  VOCALS,	  among	  many	  others	  that	  provide	  data	  for	  testing	  models.	  Global	  aerosol	  models	  provide	  a	  useful	  tool	  for	  drawing	  a	  global	  picture	  of	  the	  marine	  aerosol	  distribution	  and	   improve	  our	  process-­‐level	  understanding	  of	   the	  aerosol	  dynamics	   (Gong	  et	  al.,	  1997,	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2002;	   Pierce	   and	  Adams,	   2006;	  Mohawald	   et	   al.,	   2006;	  Ma	   et	   al.,	   2008).	   The	   goal	   of	   this	  research	  is	  to	  develop	  a	  sectional	  global	  marine	  aerosol	  model	  to	  	  1)Represent	  the	  sea	  salt	  aerosols	  mass,	  optical	  depth,	  and	  number	  concentration	  2)Represent	  the	  sulfate	  aerosol	  microphysical	  processes.	  3)Represent	  the	  sea	  salt	  and	  sulfate	  interaction.	  	  Chapter	   2	   below	   describes	   simulations	   and	   comparisons	   with	   data	   for	   sea	   salt	  aerosols.	  	  In	  recent	  years	  it	  has	  become	  clear	  that	  wind	  generated	  sea	  salt	  aerosols	  of	  small	  size	  are	  more	  abundant	  than	  once	  thought,	  and	  provide	  a	  significant	  number	  of	  CCN	  in	  the	  marine	  boundary	   layer.	   	  Our	  model	  successfully	  duplicates	  observations	  of	  sea	  salt	  mass,	  optical	  depth	  and	  number.	  Chapter	   3	   describes	   model’s	   capability	   to	   represent	   the	   global	   atmospheric	   sulfur	  cycle	  and	  its	  coupling	  with	  SSA	  as	  well	  as	  how	  the	  model	  simulates	  the	  CCN.	  We	  also	  carry	  out	  the	  sensitivity	  tests	  to	  discuss	  the	  CCN	  variability	  with	  three	  emission	  schemes.	  Chapter	  4	  gives	  the	  conclusions.	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Chapter	  2.	  	  Numerical	  modeling	  of	  the	  sea	  salt	  aerosol	  mass,	  optical	  depth,	  and	  
number	  concentration	  over	  the	  global	  oceans	  
2.1	  	  Introduction	  Atmospheric	  sea-­‐salt	  aerosol	  (SSA)	  particles	  are	  produced	  by	  wind	  driven	  processes	  over	  the	  ocean	  and	  have	  sizes	  from	  tens	  of	  nanometers	  to	  several	  hundred	  microns.	  Since	  SSA	   does	   not	   have	   a	   large	   anthropogenic	   source	   it	   is	   usually	   treated	   as	   a	   background	  aerosol.	   However,	   the	   human	   impacts	   on	   aerosol	   climate	   effects	   have	   to	   be	   investigated	  based	  on	  knowledge	  of	  natural	  aerosols.	  SSA	  dominates	  the	  particulate	  mass	  and	  is	  a	  major	  contributor	   to	   the	   aerosol	   optical	   depth	   over	   the	   remote	   ocean	   (Quinn	   et	   al.,	   1998).	   The	  scattering	  of	   sunlight	  by	  SSA	  particles	  modifies	   the	  radiation	  budget	  of	   the	  Earth	  system,	  which	   is	   known	   as	   “the	   aerosol	   direct	   effect”.	   SSA	   accounts	   for	   50%	   of	   the	   local	   light	  scattering	  over	  the	  oceans	  and	  could	  contribute	  over	  a	  third	  of	  the	  column	  aerosol	  optical	  depth	  according	  to	  a	  compilation	  of	  global	  aerosol	  observations	  (Penner	  et	  al.,	  2001).	  The	  top-­‐of-­‐atmosphere	   clear	   sky	   global	   annual	   mean	   radiative	   forcing	   due	   to	   sea-­‐salt	   is	  estimated	  between	  -­‐0.6	  and	  -­‐5.03	  Wm-­‐2	  according	  to	  different	  models	  (Winter	  and	  Chylek,	  1997;	  Haywood	  et	  al.,	  1999;	  Jacobson,	  2001;	  Grini	  et	  al.,	  2002;	  Ayash	  et	  al.,	  2008;	  Ma	  et	  al.,	  2008).	  The	  region	  with	  the	  strongest	  direct	  radiative	  effect	  is	  the	  so-­‐called	  “roaring	  forties”	  around	  40oS.	  Observations	  show	  that	  the	  large	  surface	  area	  concentration	  of	  SSA	  makes	  it	  the	   dominant	   scatterer	   over	   this	   region,	   not	   only	   for	   the	   supermicron	   (radius	   >	   1	   µm)	  aerosol	  but	  also	  for	  the	  submicron	  aerosol	  (radius	  <	  1	  µm)	  (Quinn	  et	  al.,	  1998;Bates	  et	  al.,	  2002).	  Recent	  measurements	  indicate	  the	  existence	  of	  many	  submicron	  and	  ultrafine-­‐mode	  (radius	  <	  0.1	  µm)	  SSA	  particles	  that	  dominate	  the	  SSA	  number	  concentration	  (Clarke	  et	  al.,	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2006;	  Martensson	  et	  al.,	  2003).	  SSA	  particles	  activate	  as	  cloud	  condensation	  nuclei	  (CCN)	  and	  modify	   the	   cloud	   radiative	   properties	   and	   lifetimes,	  which	   is	   known	   as	   “the	   aerosol	  indirect	  effect”.	  SSA	   is	  observed	  to	  dominate	   the	  CCN	  over	   the	  remote	  ocean	  where	  wind	  speeds	   are	   high	   and/or	   other	   aerosol	   sources	   are	  weak	   (Murphy	   et	   al.,	   1998).	   They	   are	  more	   readily	   activated	   as	   CCN	   than	   sulfate	   aerosol	   due	   to	   their	   larger	   size	   and	   low	  supersaturation	  threshold	  (O'Dowd	  et	  al.,	  1999).	  The	  inclusion	  of	  SSA	  as	  small	  as	  0.01	  µm	  in	  a	  global	  aerosol	  model	   increases	  CCN	  over	  the	  Southern	  Ocean	  by	  150%-­‐500%	  (Pierce	  and	  Adams,	  2006).	  In	  contrast,	  if	  the	  ultrafine	  particles	  are	  not	  considered,	  SSA	  contributes	  only	   10%	   to	   cloud	   droplet	   number	   (Ayash	   et	   al.,	   2008).	   Moreover,	   SSA	   modulates	   the	  behavior	   of	   other	   aerosol	   species	   and	   gaseous	   precursors	   from	   both	   natural	   and	  anthropogenic	   sources.	  They	  provide	   surface	   area	   as	   a	   sink	   for	   the	   condensation	  of	   low-­‐vapor-­‐pressure	  gaseous	  species	  such	  as	  sulfuric	  and	  methanesulfonic	  acid	  so	  as	  to	  suppress	  the	   nucleation	   of	   new	   particles.	   Oxidation	   of	   SO2	   is	   enhanced	   due	   to	   the	   higher	   pH	  associated	  with	  sea-­‐salt	  droplets	  both	  inside	  and	  outside	  the	  cloud	  (O'Dowd	  et	  al.,	  1997).	  	  In	  conclusion,	  SSA	  affects	  the	  climate	  system	  by	  scattering	  solar	  radiation,	  modifying	  the	  properties	  of	  clouds	  in	  the	  marine	  boundary	  layer,	  and	  participating	  in	  heterogeneous	  chemistry.	  These	  effects	  are	  dominated	  by	  SSA	  burdens	  in	  different	  size	  ranges.	  Therefore,	  uncertainties	   caused	   by	   errors	   in	   modeling	   the	   SSA	   production,	   transport	   and	   removal	  processes	  in	  any	  size	  range	  could	  lead	  to	  errors	  in	  climate	  forcing	  estimates.	  	  In	   this	   section,	   we	   use	   a	   coupled	   climate-­‐microphysical	   model	   to	   represent	   the	  dynamics	   and	   microphysical	   processes	   affecting	   SSA	   on	   a	   global	   scale.	   The	   goal	   of	   this	  section	  is	  to	  test	  the	  model’s	  capability	  to	  simulate	  three	  properties	  that	  are	  highly	  relevant	  to	  the	  direct	  and	  indirect	  climate	  effects	  of	  SSA:	  the	  mass	  of	  the	  aerosols,	  their	  optical	  depth	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and	   their	   number	   concentration.	   The	   results	   from	   three	   emission	   parameterizations	   of	  Gong	   (2003),	   Caffrey	   et	   al.	   (2006),	   and	   a	   combined	   Clarke	   et	   al.	   (2006),	   Monahan	   et	   al.	  (1986),	  and	  Smith	  et	  al.	  (1993)	  formulation	  (CMS	  hereinafter)	  will	  be	  compared.	  As	  we	  will	  discuss,	   the	  mass,	   the	   optical	   depth,	   and	   the	   number	   of	   SSA	   are	   controlled	   by	   distinctly	  different	   parts	   of	   the	   size	   distribution.	   The	   advantage	   of	   using	   a	   sectional	  microphysical	  model	  is	  that	  we	  have	  the	  flexibility	  to	  control	  the	  modeling	  of	  the	  physical	  processes	  and	  track	   the	  properties	   for	   each	  aerosol	  bin	   size.	  The	   following	   section	  describes	   the	  model	  setup.	  The	  results	  from	  the	  model,	  and	  comparisons	  with	  observations	  are	  given	  in	  Section	  2.3.	  	  Section	  2.4	  provides	  a	  summary.	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2.2	  	  Model	  Description	  	   The	  microphysical	  model,	  which	   is	  based	  on	   the	  community	  aerosol	  and	  radiation	  model	   for	   atmospheres	   (CARMA,	   version	   2.3)	   developed	   at	   the	   University	   of	  Colorado/National	  Aeronautics	  and	  Space	  Administration	  (NASA)	  (Toon	  et	  al.,	  1988),	  has	  been	  incorporated	  into	  the	  National	  Center	  for	  Atmospheric	  Research	  (NCAR)’s	  community	  atmosphere	  model	   (CAM,	  version	  3.1)	   (Collins	  et	   al.,	   2006)	   following	   the	   column	  physics	  interface	  algorithm.	  CARMA	  serves	  as	  a	  size-­‐resolved	  aerosol	  microphysical	  component	  to	  replace	  CAM’s	  bulk	  aerosol	  model.	  The	  coupled	  model	  has	  been	  applied	  to	  study	  Asian	  dust	  (Su	  and	  Toon,	  2009;	  2011),	  as	  well	  as	  micrometeorites,	  and	  noctilucent	  clouds	  (Bardeen	  et	  al.,	  2008;	  2010).	  	  For	  the	  purpose	  of	  this	  investigation,	  the	  only	  aerosol	  species	  considered	  is	  sea-­‐salt.	  We	  used	  16	  mass	  bins	  to	  represent	  SSA.	  	  These	  mass	  bins	  correspond	  with	  dry	  radius	  bins	  logarithmically	  spaced	  between	  0.01	  and	  15.2	  μm,	  including	  10	  submicron	  and	  6	  supermicron	  bins.	  Throughout	  the	  text	  and	  figure	  captions	  the	  “radius”	  is	  referred	  to	  dry	  radius	   unless	   specifically	   mentioned.	   Each	   size	   bin	   is	   treated	   by	   CAM	   as	   an	   individual	  advected	  tracer	  (Bardeen	  et	  al.,	  2008).	  We	  use	  16	  bins	  based	  on	  the	  results	  from	  test	  runs	  showing	  that	  mass	  concentrations	  using	  16	  size	  bins	  converge	  with	  those	  using	  21	  size	  bins.	  	  	   We	   drive	   the	   model	   with	   6-­‐hourly	   National	   Center	   for	   Environmental	   Prediction	  (NCEP)/NCAR	  reanalysis	  I	  fields	  for	  wind	  speed,	  temperature,	  surface	  water	  vapor	  flux	  and	  surface	  sensible	  heat	  flux	  (Kalnay	  et	  al.,	  1996).	  The	  wind	  field	  in	  CAM	  is	  interpolated	  into	  30-­‐minute	   time	   steps.	   The	   model	   runs	   in	   a	   nudged	   mode,	   which	   means	   that	   the	  meteorology	   inputs	  are	   forced	  back	  to	   interpolated	  NCEP	  fields	  at	   the	  beginning	  of	  every	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time	  step.	  The	  horizontal	  grid	  spacing	  is	  2o	  latitude	  by	  2.5o	  longitude.	  There	  are	  28	  vertical	  layers.	  The	  bottom	  layer	  is	  approximately	  120	  m	  thick.	  	   The	  aerosol	  processes	  considered	   include:	   (1)	  sea-­‐salt	  emission	  at	   the	  surface,	   (2)	  turbulent	  diffusion,	  (3)	  transport	  on	  a	  global	  scale,	  (4)	  gravitational	  sedimentation,	  (5)	  dry	  deposition	   at	   the	   surface,	   (6)	   scavenging	   by	   clouds	   and	   rain,	   and	   (7)	   particle	   growth	   by	  taking	  up	  water.	  Coagulation	  is	  not	  considered	  in	  the	  model	  as	  test	  runs	  show	  that	  it	  is	  not	  an	   important	   process	   even	   with	   enhanced	   number	   concentrations	   from	   the	   ultrafine	  particles.	  	  The	   particle	   sizes	   are	   tracked	   in	   the	  model	   by	   the	   dry	  mass	   of	   sea-­‐salt.	   	   Since	  wet	  particles	  smaller	  than	  30	  μm	  (which	  will	  typically	  correspond	  to	  dry	  particles	  smaller	  than	  15	  µm)	  will	   evaporate	   to	   their	  ambient	   radius	   in	  a	   time	  period	   that	   is	   shorter	   than	   their	  lifetime	  (Fitzgerald	  et	  al.,	  1998;	  Lewis	  and	  Schwartz,	  2004),	  it	  is	  assumed	  in	  our	  model	  that	  the	   particles	   reach	   equilibrium	  with	   the	   ambient	   environment	   instantaneously.	   The	  wet	  radii	   are	   calculated	   based	   on	   the	  model	   humidity	   at	   the	   time	   and	   location	   of	   interest	   as	  discussed	  below.	  Gravitational	   sedimentation,	  dry	  deposition,	  and	  optical	  properties	   take	  into	   account	   the	  wet	   radius	   of	   the	   SSA	  while	   turbulence	   and	   advective	   transport	   do	   not	  incorporate	  the	  wet	  radius,	  although	  there	  can	  be	  a	  significant	  humidity	  gradient	  coupled	  with	  rapid	  turbulent	  mixing	  (Caffrey	  et	  al.,	  2006).	  	  Assumptions	  are	  made	  to	  compensate	  for	  the	  features	  that	  could	  not	  be	  captured	  due	  to	   the	   limited	   temporal	   and	   spatial	   resolution.	   	   Weibull	   wind	   speed	   distributions	   are	  adopted	  to	  represent	  the	  effect	  of	  wind	  gusts	  on	  SSA	  production,	  since	  the	  emission	  flux	  is	  a	  non-­‐linear	  function	  of	  wind	  speed	  (Justus	  et	  al.,	  1978).	  Large	  particles	  have	  a	  short	  lifetime	  due	  to	  gravitational	  sedimentation,	  which	   is	  not	  well	   represented	   in	  a	  model	  with	  coarse	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vertical	  resolution.	  So	  we	  correct	  the	  sea-­‐salt	  emission	  flux	  based	  on	  Hoppel	  et	  al.	  (2005),	  which	  mostly	  affects	  the	  large	  particles.	  	  
2.2.1	  	  	  	  Emission	  	  There	  are	  two	  major	  questions	  about	  the	  emission	  flux:	  what	  is	  the	  emission	  rate	  for	  different	  particle	   sizes	  and	  what	   is	   the	  dependence	  of	  emission	  rate	  on	  wind	  speed?	  The	  size-­‐resolved	  SSA	  emission	  flux	  is	  also	  known	  as	  the	  source	  function.	  There	  are	  numerous	  proposed	   source	   functions	   based	   on	   in-­‐situ	   measurements,	   laboratory	   experiments,	   or	  their	   combination.	   However,	   the	   uncertainty	   in	   SSA	   source	   functions	   is	   large	   due	   to	  difficulty	  in	  sampling	  over	  the	  ocean,	  limitation	  of	  the	  measurement	  equipment,	  scarcity	  of	  the	   data,	   the	   geographically	   varying	   nature	   of	   the	   sea-­‐salt	   emission,	   and	   the	   differing	  focuses	   of	   the	   researchers	   (Lewis	   and	   Schwartz,	   2004).	   Our	   goal	   is	   to	   choose	   a	   source	  function	   that	   is	   suitable	   for	   global	   climate	  models	   and	   capable	   of	   representing	   the	  mass,	  optical	  depth,	  and	  number	  concentrations	  simultaneously.	  	  	  	  Monahan	   et	   al.	   (1986)	   derived	   a	   source	   function	   by	   combining	   laboratory	  measurements	   of	   droplet	   number	   flux	   from	   bubbles	   per	   unit	   whitecap	   area	   and	   field	  measurements	  of	  whitecap	  coverage	  as	  a	  function	  of	  wind	  speed.	  The	  wind	  dependence	  in	  the	  Monahan	  et	  al.	  	  source	  functions	  is	  represented	  by	  a	  whitecap	  coverage	  function	  	  	  ! !!" = 3.84×10!!!!"!.!"	  	  	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  (2.1)	  	  Almost	  all	  source	  functions	  have	  followed	  their	  approach	  of	  using	  the	  whitecap	  area	  to	  determine	  the	  wind	  speed	  dependence	  of	  the	  fluxes.	  	  The	  Monahan	  et	  al.	  (1986)	  formula	  which	  incorporates	  the	  wind	  speed	  and	  radius	  dependence	  is	  shown	  is	  Table	  2.1.	  
! 
dF dr( )Monahan
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Figure	   2.1	   shows	   the	  Monahan	   et	   al.	   source	   function	   for	   particle	   number	   together	  with	  several	  other	  source	  functions.	  	  The	  number	  concentration	  for	  all	  the	  source	  functions	  shown	   in	   Figure	   2.1	   increases	   with	   wind	   speed	   while	   the	   shape	   of	   the	   spectrum	   is	  unchanged,	   except	   for	   the	   Caffrey	   source	   function.	   	   The	   shape	   of	   the	   Caffrey	   function	  changes	   for	   wind	   speeds	   above	   9	   m	   s-­‐1	   to	   include	   spume	   particles,	   which	   are	   modeled	  following	   the	   Smith	   et	   al.	   (1993)	   source	   function.	   	   These	   wind	   speed	   dependencies	   are	  illustrated	  in	  Figure	  2.2.	   	  
	  
Figure	  2.1	  The	  number	   fluxes	   from	  several	  sea-­‐salt	  source	   functions	  as	  a	   function	  of	  dry	  radius.	   All	   of	   the	   source	   functions	   except	   for	   Gong	   are	   corrected	   for	   gravitational	  sedimentation	  following	  Hoppel	  et	  al.	  (2005).	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Figure	  2.2	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  shown	  for	  (a)	  cross-­‐sectional	  area	  and	  (b)	   mass	   as	   a	   function	   of	   dry	   radius.	   The	   three	   groups	   of	   curves	   represent	   the	   size	  distribution	   under	   wind	   speeds	   of	   5,	   10,	   and	   20ms−1	   from	   bottom	   to	   top.	   The	   source	  functions	  are	  corrected	  for	  gravitational	  sedimentation	  following	  Hoppel	  et	  al.	  (2005).	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Several	  different	  physical	  effects	  are	  involved	  in	  SSA	  generation.	  Bursting	  bubbles	  in	  the	   foam	   from	   the	  whitecaps	   yield	   particles	   larger	   than	   about	   1	   µm	   from	   small	   jets	   and	  particles	  smaller	  than	  1	  µm	  from	  the	  film	  making	  up	  the	  bubble.	  Hence	  the	  origins	  of	   the	  particles	  differ	   across	   the	   size	   spectrum.	  The	  number	   fluxes	   for	  various	   source	   functions	  between	  0.1	  and	  10	  µm	  are	  similar	  within	  a	   factor	  of	  about	  2.	   	  However,	  extrapolation	  of	  the	  Monahan	  et	  al.	  source	  function	  to	  radii	  smaller	  than	  0.1	  µm	  leads	  to	  very	  large	  particle	  production	  rates	  (Andreas,	  1998;	  Vignati	  et	  al.,	  2001;	  Martensson	  et	  al.,	  2003).	  Gong	  (2003)	  suggested	  an	  extension	  of	  Monahan	  et	  al.’s	  source	  function	  that	  covers	  the	  size	  range	  as	  low	  as	  0.01	  μm	   (see	  Table	  2.1	   for	   formula).	  However,	  Gong’s	   submicron	   flux	   is	   low	  by	  many	  orders	  of	  magnitude	  compared	  with	  that	  from	  the	  laboratory	  measurements	  of	  Mårtensson	  et	  al.	  (2003),	  who	  developed	  their	  source	  function	  down	  to	  0.01	  μm	  by	  measuring	  SSA	  in	  a	  bubble	  chamber	  using	  synthetic	  seawater.	  Mårtensson	  et	  al.	  (2003)	  also	  measure	  the	  SSA	  emission	  dependence	  on	  temperature	  and	  salinity.	  Clarke	  et	  al.	  (2006)	  later	  measured	  the	  SSA	   spectrum	   in	   a	   coastal	   zone	   with	   breaking	   waves	   and	   acquired	   the	   flux	   for	   the	  submicron	   particles.	   Clarke	   et	   al.’s	   ultrafine	   SSA	   number	   matches	   Mårtensson	   et	  al.’sfunction	  at	  25	  oC	  and	  is	  also	  orders	  of	  magnitude	  higher	  than	  Gong’s	  flux.	  Mårtensson	  et	  al.’s	  function	  predicts	  increased	  ultra-­‐fine	  particle	  number	  and	  decreased	  number	  between	  0.1-­‐1µm	  as	  temperature	  decreases	  (5	  oC	  curve	  in	  Figure	  2.1).	  	  To	   simulate	   the	   SSA	   mass,	   optical	   depth	   and	   number,	   a	   source	   function	   that	  reasonably	  covers	  the	  whole	  size	  range	  is	  demanded.	  However,	  the	  applicable	  size	  ranges	  of	  the	  schemes	  mentioned	  above	  cut	  off	  at	  various	  lower	  or	  upper	  limits.	  	  For	  this	  reason,	  Caffrey	  et	  al.	   (2006)	  combined	   the	  Clarke/Mårtensson,	  Monahan,	  and	  Smith	  et	  al.	   (1993)	  source	  functions	  (see	  Table	  2.1,	   ).	  The	  Smith	  function	  is	  introduced	  for	  spume	  dF dr( )caffrey
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Table	  2.1	  Formulas	  for	  source	  functions	  compared	  in	  the	  paper,	  unit:	  m-­‐2s-­‐1μm-­‐1.	  Source	  Function	   Formula	  	   	   Size	  Range	  Gong	  (2003)	  	  
*, ,	  
	  	  	  	  
0.01-­‐15	  μm	  









	   	  	  




where	  ,	  	   †,	  	  	  *,	   	  
	  	  	  	  	  
0.15-­‐15	  µm	  
CMS	  Fan	  and	  Toon	  (2010)	  
	  	  	   	  .	  See	  Table	  1	  in	  (Clarke	  et	  al.,	  2006)	  for	   	  coefficients,	  The	  whitecap	  coverage	  ! !!" = 3.84×10!!!!"!.!"	  	  	  
0.01-­‐0.8	  µm	  	  	  	  
same	  as	  Caffrey	  et	  al.	  (2006)	  in	  size	  range	  of	  0.15-­‐15	  µm	   0.8-­‐15µm	  *	  u10	  and	  u14	  is	  the	  wind	  speed	  at	  10	  m	  and	  14	  m,	  respectively.	  †	  r	  is	  the	  dry	  radius,	  r80	  is	  the	  radius	  at	  80%	  relative	  humidity.	  
dF dr( )Gong =1.373u103.41r!A 1+ 0.057r3.45( )"101.607e
!B2
A = 4.7 1+!r( )"0.017r
"1.44
! = adjustable parameter = 30
B = 0.433! logr( ) 0.433
dF dr( ) Monahan=1.373u103.41r!3 1+ 0.057r1.05( )"101.19e
!B2
B = 0.38! logr( ) 0.65
dF dr( )Caffrey = dF dr( )Monahan !W r( )








u10 < 9ms!1,   dF dr( )Monahan                              











f1 = 3.1,   f2 = 3.3,   r1 = 2.1 µm,  r2 = 9.2 µm,
log A1( ) = 0.0676u14 + 2.43 log A2( ) = 0.959u14 !1.476
dF dr( )CMS = dF dr( )Clarke = dF dr( )BW !Wcap u10( )




Ai = !0i +!1iD+!2i2 +!3iD3 +!4iD4 +!5iD5
D = diameter = 2r
!
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Inspired	   by	   Caffrey	   et	   al.	   (2006),	   we	   introduce	   a	   combined	   Clarke,	   Monahan	   and	  Smith	  (CMS)	  source	  function	  as	  an	  alternative	  scheme.	  The	  formula	  of	  CMS	  function	  is,	  for	  	  
	  	  	  	  	  	  (2.2)	  for	  r	  =	  0.8-­‐15µm	  
	   	  	  	  	  	  	  	  	  	  (2.3)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
D	  is	  the	  dry	  diameter	  of	  the	  sea-­‐salt	  particles.	  See	  Table	  1	  in	  Clarke	  et	  al.	  (2006)	  for	  β	  coefficients.	   The	   	  factor	   is	   to	   convert	   dF/dlogr	   to	   dF/dr.	   Here	   we	   directly	   adopt	  Clarke’s	  function	  below	  0.8	  µm	  and	  take	  the	  larger	  of	  the	  Monahan	  and	  the	  Smith	  function	  above	  0.8	  µm	  when	  wind	  speed	  exceeds	  9	  ms-­‐1.	  Notice	   that	  we	  extend	   the	  Clarke	   source	  function	   to	   0.8	   µm	   (compared	   to	   0.15	   µm	   in	   Caffrey	   function)	   so	   that	   the	   CMS	   source	  function	   is	   larger	   in	   this	   size	   range	   than	   the	   Gong/Caffrey	   functions	   and	   comparable	   to	  Mårtensson’s	   function	  at	  25	   oC.	  We	  make	   this	  adjustment	  because,	  as	  we	  will	   show	   later,	  the	   Gong	   and	   the	   Caffrey	   schemes	   tend	   to	   underestimate	   the	   optical	   depth,	   a	   quantity	  dominated	  by	  particles	  between	  0.1-­‐1	  µm	  in	  radius.	  	  The	  effect	  of	  temperature	  on	  sea-­‐salt	  emission	  could	  be	  important	  as	  Mårtensson	  et	  al.	  (2003)	  suggest.	  By	  introducing	  a	  temperature-­‐dependent	  source	  function	  in	  the	  GEOS-­‐Chem	  global	  chemical	  transport	  model,	  Jaeglé	  et	  al.	  (2010)	  reduce	  the	  underestimation	  of	  particle	  concentration	  over	  cold	  waters	  of	  the	  high-­‐latitude	  oceans	  and	  the	  overestimation	  over	  warm	  tropics	  waters.	  We	  could	  also	  adopt	  the	  Mårtensson	  function	  for	  the	  size	  range	  below	  0.8	  µm,	  but	  it	  will	  introduce	  another	  dimension	  of	  uncertainty	  through	  temperature	  
! 
r = 0.01" 0.8µm
dF dr( )CMS = !0i +!1iD+!2iD
2 +!3iD3 +!4iD4 +!5iD5( )
i=1
3
! "Wcap u10( ) " r ln10
dF dr( )caffrey =
u10 < 9ms!1,   dF dr( )Monahan                              
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dependence.	  We	  do	  not	  find	  that	  the	  observational	  data	  base	  is	  robust	  enough	  to	  determine	  if	  there	  are	  latitudinal	  variations	  induced	  in	  the	  number	  of	  particles	  by	  temperature.	  Also	  the	  Mårtensson	  et	  al.	  temperature	  dependence	  affects	  particles	  larger	  than	  0.1	  µm,	  but	  with	  the	  opposite	  effect	  as	   for	   smaller	  particles.	  Hence	  we	  choose	   to	  adopt	   the	  simpler	  Clarke	  function	  while	  keeping	  in	  mind	  that	  the	  number	  flux	  could	  be	  potentially	  underestimated	  in	  cold	   high	   latitude	   oceans	   or	   overestimated	   in	   warm	   tropical	   oceans.	   We	   will	   compare	  results	  from	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  later	  in	  this	  paper	  and	  decide	  which	  one	  can	  best	  fit	  the	  demands	  of	  this	  research.	  	  Many	  papers	  only	  display	  the	  source	  functions	  by	  number	  as	  in	  Figure	  2.1.	  However,	  many	  properties	  of	  the	  sea-­‐salt	  are	  relatively	  unrelated	  to	  the	  number	  of	  particles.	  	  In	  fact	  number,	  optical	  depth,	  and	  mass	  fluxes	  are	  each	  dominated	  by	  different	  size	  ranges	  of	  the	  source	  function.	  Of	  course,	  since	  large	  particles	  fall	  out	  rapidly,	  the	  injected	  mass	  at	  10	  m	  is	  dominated	  by	  larger	  sized	  particles	  than	  are	  found	  60	  m	  above	  the	  sea	  surface,	  where	  the	  mid-­‐point	   of	   our	   first	   model	   layer	   typically	   occurs.	   From	   the	   perspective	   of	   climate	  modeling,	  a	  model	   that	   is	  only	   tested	  against	  sea-­‐salt	  mass	   is	  not	  guaranteed	   to	  properly	  represent	  optical	  depth	  or	  particle	  number.	  Figure	  2.2	  shows	  the	  cross-­‐sectional	  area	  and	  mass	  source	  functions	  at	  wind	  speeds	  of	  5,	  10,	  and	  20	  m	  s-­‐1	  at	  10	  m	  altitude	  for	  the	  Gong,	  Caffrey,	  and	  CMS	  source	  functions.	  As	  shown	  in	  Figure	  2.1	  the	  number	  flux	  is	  controlled	  by	  particles	  smaller	  than	  0.1	  µm.	  	  Figure	  2.2	  shows	  that	  the	  area	  flux	  is	  dominated	  by	  particles	  with	  sizes	  near	  1	  µm,	  except	  that	  the	  contribution	  of	  very	   large	  particles	  becomes	  significant	  at	  high	  wind	  speed.	  SSA	  area	   is	  a	  critical	   input	   to	   the	  optical	  depth	  calculation.	   	  The	  mass	  plots	   in	  Figure	  2.2,	  however,	  are	  dominated	   by	   particles	   with	   sizes	   near	   and	   above	   10	   µm.	   	   We	   notice	   that	   small	   slope	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changes	  of	  the	  Gong	  source	  function	  in	  the	  number	  plot	  of	  Figure	  2.1	  translate	  into	  a	  mass	  peak	  at	   the	  end	  of	   the	  size	  ranges	   in	  Figure	  2.2.	   	   It	   is	  not	  clear	   in	  the	  development	  of	   the	  Gong	  source	  function	  whether	  the	  mass	  peak	  is	  meant	  to	  be	  realistic	  for	  bubble	  bursting,	  or	  to	   crudely	   represent	   spume	  particles.	   	  The	  Monahan	   formulation,	  which	  was	   the	  basis	  of	  the	   Gong	   formulation,	   was	   not	   meant	   to	   include	   generation	   of	   spume	   droplets.	   The	  Monahan	  source	  function	  does	  not	  show	  a	  mass	  peak	  above	  10	  µm	  as	  in	  the	  Gong	  source	  function.	  	  Generally	  the	  sea-­‐salt	  source	  function	  is	  designed	  to	  represent	  the	  flux	  at	  10	  m	  above	  the	   ocean	   surface.	   	   However,	   the	   mid-­‐point	   of	   our	   model	   bottom	   layer	   is	   about	   60	   m.	  	  Hoppel	   et	   al.	   (2005)	   suggested	   applying	   a	   correction	   factor	   fref	   directly	   to	   the	   source	  function	  to	  account	  for	  the	  significant	  vertical	  gradient	  of	  large	  particles	  in	  the	  first	  model	  layer	  between	  10	  m	  and	  the	  layer	  mid-­‐point:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.4)	  
Here	   is	  the	  10	  m	  height	  where	  the	  source	  function	  is	  defined,	  zref	   is	  the	  reference	  height	   defined	   as	   the	   midpoint	   of	   model	   bottom	   layer,	   and	   vg	   is	   the	   gravitational	  sedimentation	  velocity.	  	  The	  turbulence	  term	  is ,	  where	  k	  is	  von	  Karman’s	  constant,	  
u*	  is	  the	  friction	  velocity,	  which	  is	  obtained	  by	   ,	  where	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.5)	  
















u* = CD1 2u10
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Here	  we	   assume	   that	   aerosols	  were	   evenly	  mixed	   horizontally	   in	   a	   grid	   cell.	   Some	  grid	  cells	  are	  partly	  composed	  of	   land	  or	  sea	   ice.	  Therefore,	   the	  emission	  is	  multiplied	  by	  the	  fraction	  of	  the	  open	  ocean	  area	  in	  these	  grids.	  	  Emission	  from	  leads	  within	  sea	  ice	  is	  not	  considered	  in	  our	  model.	  	  
2.2.2	  	  	  	  Wind	  Field	  Among	  the	  environmental	  variables	  that	  influence	  the	  SSA	  production,	  wind	  speed	  is	  the	  major	  factor	  that	  controls	  the	  area	  of	  the	  whitecaps	  and	  hence	  the	  SSA	  fluxes.	  The	  lifting	  of	   sea-­‐salt,	   like	   the	   lifting	   of	   desert	   dust,	   depends	   on	   the	   power	   in	   the	  wind,	   and	   varies	  approximately	  as	  the	  third	  power	  of	  the	  wind	  speed.	  Because	  the	  SSA	  flux	  dependence	  on	  the	  wind	  speed	  is	  non-­‐linear	  it	  is	  necessary	  to	  account	  for	  the	  variability	  in	  the	  wind	  speed.	  	  It	   is	   also	   necessary	   to	  make	   sure	   that	   the	   impact	   of	   atmospheric	   stability	   on	   the	   surface	  stress	  is	  properly	  treated.	  	  The	   10	  m	  wind	  u10	  used	   in	   the	   SSA	   source	   functions	   is	   calculated	   from	   the	   friction	  velocity	   u*,	   which	   is	   obtained	   from	   the	   wind	   speed	   from	   the	   model	   bottom	   layer.	   We	  assume	   neutral	   atmospheric	   stability	   in	   finding	   u10	   and	   use	   the	   algorithm	   suggested	   by	  Large	   and	   Pond	   (1982).	   The	   whitecap	   observations	   were	   mostly	   taken	   under	   neutral	  atmospheric	  stability	  (Monahan	  and	  O’Muircheartaigh,	  1986).	  	  Using	  this	  approach	  the	  flux	  is	  uniquely	  related	  to	  u*.	  	  However,	  if	  instead	  one	  used	  the	  u10	  from	  the	  CAM	  model	  that	  was	  calculated	   from	   u*	   using	   the	   local	   stability,	   then	   the	   flux	   would	   no	   longer	   be	   uniquely	  related	   to	   u*	   as	   it	   should	   be.	   SSA	   source	   functions	   should	   be	   cast	   in	   terms	   of	   u*	  so	   that	  boundary	   layer	   stability	   is	   properly	   accounted	   for,	   which	   is	   how	   they	   are	   cast	   for	   dust	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lifting	   over	   land.	   We	   conventionally	   use	   the	   notation	   u10	   instead	   of	   u*	   in	   our	   source	  functions.	   	   However,	   as	   just	   discussed	   the	   u10	   we	   use	   is	   meant	   to	   be	   a	   pseudo	   u10	   to	  compensate	  for	  the	  inappropriate	  use	  of	  u10	  in	  the	  sea-­‐salt	  source	  functions.	  	  	  We	   apply	   the	   probability	   distribution	   of	   the	   wind	   speed	   in	   the	   source	   function	   to	  represent	  the	  non-­‐linearity	  of	  wind	  speed	  on	  SSA	  emission:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.6)	  
Here	  the	  source	  function	  is	  divided	  into	  a	  size	  dependent	  part,	  F(r),	  and	  a	  wind	  speed	  dependent	  part,	   .	  F(r)	  depends	  on	  the	  source	  functions	  used,	  which	  are	  given	  
in	  Table	  2.1.	  u0	   is	  the	  threshold	  wind	  speed	  below	  which	  there	  is	  no	  SSA	  production.	  u0	   is	  taken	   to	   be	   4	  m	   s-­‐1	   in	   the	  model.	  u	   is	   the	  mean	  wind	   speed.	   	  p(u)	   is	   the	   two-­‐parameter	  Weibull	  distribution	  having	  the	  form	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.7)	  with	  k	  as	  the	  shape	  parameter	  and	  c	  as	  the	  scale	  parameter.	  	  We	  follow	  method	  5	  in	  Justus	  et	  al.	  (1978)	  to	  calculate	  the	  shape	  and	  scale	  parameter,	  	   	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.8)	  	   	  	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.9)	  for	  average	  sub-­‐grid	  wind	  speed	  variability.	   	  is	  a	  gamma	  function	  defined	  by	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.10)	  	  	  	  	  By	  solving	  the	  integral	  in	  Eq.	  (2.6),	  we	  have	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,	  or	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.11)	  	  	  	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.12)	  	  	  	  	  	  
in	  which	   	  is	  the	  incomplete	  gamma	  function	  defined	  by	  	  
	  	  	   	  	   	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.13)	  	  
2.2.3	  	  	  	  Gravitational	  Sedimentation	  and	  Dry	  Deposition	  	  The	   particles	   are	  moved	   down	   by	   gravitational	   sedimentation	   in	   each	   layer	   of	   the	  model,	  while	  the	  particles	  are	  removed	  by	  dry	  deposition	  in	  the	  bottom	  layer.	  Gravitational	  sedimentation	   velocity,	   vg,	   is	   calculated	   by	   CARMA	   which	   first	   makes	   an	   estimate	   for	  laminar	  flow	  (Reynolds	  number	  <<	  1)	  and	  then	  corrects	  the	  drag	  coefficient	  for	  turbulent	  flow	  (Reynolds	  number	  >1).	  The	   formulas	  are	   in	  Table	  2.2.	  Examples	  of	   the	  gravitational	  sedimentation	  velocity	  are	  shown	  in	  Figure	  2.3.	  vg	  varies	  little	  with	  wind	  speed	  and	  varies	  a	   little	   with	   location	   since	   the	   relative	   humidity	   and	   hence	   the	   wet	   radius	   depend	   on	  location.	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Table	  2.2	  Dry	  deposition	  scheme.	  Item	   Formula	   Parameter	  settings	  Gravitational	  sedimentation	  velocity	   ,	  laminar	  ,	  turbulent	  
rp	  	  =wet	  particle	  radius,	  ρp	  =	  wet	  particle	  density,	  g	  =	  gravitational	  acceleration	  
μ	  	  	  =	  dynamic	  viscosity	  of	  air=	  1.7	  x10-­‐5,	  
Cc	  =slip	  correction	  factor	  
,	  
λ	  	  =	  mean	  free	  path	  of	  air	  fluid.	  
	  Aerodynamic	  resistance	   	  
Ocean/sea	  ice	  Land	  from	  CAM	  land	  model	  	  
zr	  	  =	  center	  of	  bottom	  layer,	  
zo	  	  =	  roughness	  length=	  0.0001	  (ocean),	  0.04	  (sea	  ice),	  κ	  	  	  =	  Von	  Karman	  constant=	  0.4,	  
ψh	  =	  stability	  function.	  u*	  	  =	  friction	  velocity.	  Surface	  layer	  resistance	   	   R1	  =	  fraction	  of	  particles	  that	  stick	  to	  the	  surface=	  1	  
※=	  empirical	  constant	  =	  1	  Brownian	  diffusion	  efficiency	   	   	   Sc	  =	  Schmidt	  Number ,	  	  kinetic	  air	  viscosity	  
	  Brownian	  diffusivity ,	  
k	  =	  Boltzmann	  constant,	  T	  =	  temperature,	  
ρa	  =	  air	  density.γ= 1/2	  for	  water	  surface.	  Impaction	  efficiency	   	   	  Stokes	  number 	  Interception	  efficiency	   	   Neglected	  in	  this	  research.	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Dry	  deposition	  of	  SSA	  particles	  refers	  to	  the	  transfer	  of	  SSA	  particles	  to	  the	  surface	  by	  gravitational	   sedimentation,	   turbulent	   transfer,	   Brownian	   diffusion,	   impaction,	   and	  interception	   by	   waves.	   It	   is	   reasonable	   to	   assume	   that	   the	   sea-­‐salt	   particles	   will	   not	  rebound	   at	   the	   ocean	   surface.	   The	   dry	   deposition	   flux	   fd	   at	   a	   reference	   height	   is	  proportional	  to	  the	  mean	  number	  concentration	  n	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.14)	  where	   vd	   is	   the	   dry	   deposition	   velocity.	   In	   the	   model,	   the	   reference	   height	   is	   the	  midpoint	  of	  the	  bottom	  layer,	  consistent	  with	  the	  height	  of	  the	  concentration.	  We	  use	  the	  method	  described	  in	  Zhang	  et	  al.	  (2001)	  to	  calculate	  dry	  deposition	  velocity	  
	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.15)	  
In	  the	  viscous	  sublayer,	  which	  is	  0.1-­‐1	  mm	  thick	  above	  the	  surface,	  the	  SSA	  particles	  are	  mainly	  transported	  by	  Brownian	  diffusion,	  impaction	  and	  gravitational	  sedimentation.	  In	  the	  surface	  layer,	  which	  extends	  from	  above	  the	  viscous	  sublayer	  to	  the	  reference	  height,	  downward	   flux	   is	  dominated	  by	   turbulent	  diffusion	  and	  gravitational	   sedimentation.	  The	  transport	  of	  SSA	  particles	  is	  assumed	  to	  be	  retarded	  by	  the	  aerodynamic	  resistance,	  Ra,	   in	  the	  surface	  layer,	  and	  the	  surface	  resistance,	  Rs,	  in	  the	  viscous	  sublayer.	  Ra	  depends	  on	  the	  atmospheric	   stability	   and	   surface	   roughness	   and	   is	   independent	   of	   aerosol	   species.	   The	  surface	   resistance	   of	   the	   viscous	   sublayer,	   Rs	   depends	   on	   particle	   size,	   atmospheric	  conditions	  and	  surface	  roughness.	  	  Rs	  is	  determined	  by	  Brownian	  diffusion,	  impaction,	  and	  interception,	  whose	  collection	  efficiencies	  are	  represented	  by	  EB,	  EIM,	  and	  EIN,	  respectively.	  The	  impaction	  is	  caused	  by	  the	  failure	  of	  an	  SSA	  particle	  to	  respond	  rapidly	  to	  non-­‐uniform	  flow	   near	   the	   surface.	   Interception	   happens	   when	   the	   particle	   passes	   an	   obstacle	   at	   a	  
fd = n! vd
vd = vg +
1
Ra + Rs
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distance	   shorter	   than	   its	   physical	   dimensions.	   The	   formulas	   for	   each	   term	   are	   listed	   in	  Table	  2.2.	  In	   the	   model	   the	   deposition	   velocities	   for	   land,	   ocean	   and	   sea	   ice	   are	   treated	  separately.	  The	  aerodynamic	  resistance	  over	  land	  is	  calculated	  in	  the	  CAM	  land	  model	  with	  detailed	  land	  types.	  Over	  the	  ocean	  and	  ice	  we	  use	  the	  method	  introduced	  in	  Seinfeld	  and	  Pandis	   (1998)	  with	   roughness	   lengths	  of	  0.0001	  and	  0.04	  m,	   respectively.	   If	   the	  grid	  cell	  contains	  multiple	  surface	  types,	  the	  area	  fraction-­‐weighted	  deposition	  velocity	  is	  used.	  	  Figure	  2.3	  shows	  the	  dry	  deposition	  velocity	  over	  representative	  oceanic	  grid	  cells	  at	  wind	  speeds	  of	  5	  m	  s-­‐1	  and	  10	  m	  s-­‐1.	  Gravitational	  sedimentation	  dominates	  the	  removal	  of	  particles	  larger	  than	  20	  µm	  in	  wet	  radius,	  while	  the	  surface	  resistance	  terms	  dominate	  the	  removal	   rate	  of	   small	  particles.	  Dry	  deposition	   is	   least	   efficient	   for	  particles	  between	  0.1	  and	   1	   µm	   in	   radius.	   The	   velocities	   are	   larger	   at	   higher	   wind	   speeds,	   indicating	   a	   faster	  removal	  rate.	  	  Both	  the	  emission	  and	  dry	  deposition	  rates	  are	  larger	  at	  higher	  wind	  speeds.	  	  The	  tendency	  of	  the	  constituent	  due	  to	  dry	  deposition	  can	  be	  calculated	  explicitly,	  
	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.16)	  
in	  which	  	   is	  concentration	  of	  a	  particular	  constituent,	  here	  SSA,	  	  at	  time	   .	   	  and	  are	  time	  and	  space	  increments.	  In	  our	  model,	  to	  prevent	  negative	  concentrations	  of	  very	  large	  particles	  that	  can	  be	  caused	  by	  rapid	  removal	  in	  a	  model	  time	  step,	  we	  change	  to	  the	  implicit	  method	  so	  that	  the	  concentrations	  decrease	  exponentially	  in	  time,	  i.e.,	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It	  should	  be	  noted	  that	  Eq.	  (2.17)	  is	  not	  the	  exact	  solution	  to	  the	  problem.	  However,	  it	  is	  equally	  as	  accurate	  as	  the	  explicit	  method	  and	  does	  not	  yield	  negative	  concentrations	  for	  large	  deposition	  velocities.	  	  	  
2.2.4	  	  	  Hygroscopic	  Growth	  Sea-­‐salt	   particles	   take	   up	   water	   easily	   and	   grow	   in	   size.	   The	   hygroscopic	   growth	  affects	  gravitational	   sedimentation	  and	  dry	  deposition	  due	   to	   the	  change	  of	  both	  particle	  size	  and	  density.	  The	  variation	  of	  dry	  deposition	  velocity	  between	  locations,	  represented	  in	  Figure	   2.3	   by	   the	   bundles	   of	   curves,	   is	   due	   to	   the	   difference	   in	   hygroscopic	   growth	   at	  different	   locations.	   It	   will	   also	   affect	   the	   optical	   depth	   calculation.	   The	   wet	   radius	   is	  calculated	  using	  a	  parameterization	  as	  a	  function	  of	  relative	  humidity	  by	  Gerber	  (1985),	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.	  18)	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The	  vapor	  pressure	  of	  water	  in	  equilibrium	  with	  a	  seawater	  droplet	  is	  therefore	  expected	  to	  be	  98%	  of	   the	  vapor	  pressure	  of	  water	  at	   the	  same	  temperature.	  Thus,	  at	   formation,	  a	  drop	  of	  seawater	  of	  salinity	  35	  ‰	  ejected	  in	  to	  the	  atmosphere	  has	  a	  water	  vapor	  pressure	  that	  corresponds	  to	  98%	  relative	  humidity	  in	  air	  at	  the	  temperature	  of	  the	  drop.	  Of	  course	  clouds	  form	  in	  our	  model	  so	  portions	  of	  grid	  boxes	  have	  higher	  humidity	  values	  than	  98%.	  	  However,	  it	  would	  be	  unusual	  for	  an	  entire	  GCM	  grid	  box	  to	  be	  supersaturated.	  	  	  
	  
Figure	  2.4	  The	  ratio	  of	  wet	  to	  dry	  radius	  at	  different	  relative	  humidity	  values	  using	  Gerber	  (1985). 
 	   The	  wet	  density,	   ,	  is	  calculated	  by	  
	   	   	   	  	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.19)	  
! 
"w
!w = !rd3 + !H2O rw
3 ! rd3( )( ) rw3
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   Here	  ρ	  is	  the	  density	  of	  dry	  sea-­‐salt	  having	  a	  value	  of	  2.17	  g	  cm-­‐3.	  	  
	  
2.2.5	  	  	  	  Wet	  Scavenging	  We	  utilize	  the	  wet	  scavenging	  procedure	  for	  aerosol	  in	  CAM,	  which	  accounts	  for	  both	  in-­‐cloud	   and	   below-­‐cloud	   scavenging.	   	   The	   below-­‐cloud	   scavenging,	   or	   washout,	   follows	  Dana	   and	   Hales	   (1976)	   and	   Balkanski	   et	   al.	   (1993),	   assuming	   that	   both	   rain	   and	   snow	  remove	   aerosol	   below	   the	   cloud.	   The	  mixing	   ratio	   loss	   rate	   by	   below-­‐cloud	   scavenging,	  ,	  is	  calculated	  by	  
	  	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.20)	  
where	   is	   the	   washout	   coefficient	   ( )	   	   normalized	   to	   unit	   rainfall	   rate	   (P).	   The	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observed	  (Deng	  et	  al.,	  2007),	  which	  leads	  to	  overestimated	  wet	  scavenging.	  We	  are	  aware	  of	  a	  bug	   in	   the	  wet	  scavenging	  code	  that	  has	  recently	  been	   found	   in	  CAM3.1	  and	   its	   later	  versions.	  However,	  reasonable	  lifetimes	  can	  still	  be	  obtained	  by	  tuning	  the	  parameters,	  i.e.,	  the	  solubility	  factor.	  	  We	  adjust	  the	  solubility	  factor	  in	  our	  model	  by	  tuning	  the	  wet	  scavenging	  lifetime	  to	  a	  reasonable	  range.	   In	  an	  idealized	  case	  where	  only	  emission	  and	  wet	  scavenging	  is	  turned	  
on,	  the	  tendency	  of	  the	  concentration	  C	  (kg	  m-­‐2)	  is	  calculated	  as	   ,	  where	  S	  is	  
the	  emission	   rate	   (kg	  m-­‐2	   s-­‐1),	   and	  Lwet	   is	   the	   loss	   rate	  due	   to	  wet	   scavenging	   (s-­‐1).	  When	  
equilibrium	   is	   reached	   ( ),	   .	   Here	   	  is	   the	   wet	   scavenging	  
residence	   time	  (s).	  Figure	  2.5	  shows	  the	  variations	  of	   the	  global-­‐averaged	  residence	   time	  and	   loss	   rate	  with	   the	   solubility	   factor	   at	   equilibrium.	  The	  mean	  wet	   scavenging	   rate	   for	  sea-­‐salt	   reported	   in	   12	  models	   is	   0.79	   day-­‐1,	   equivalent	   to	   a	   residence	   time	   of	   1.26	   day	  (Textor	   et	   al.,	   2006).	   The	   corresponding	   solubility	   is	   0.55.	   However,	   the	   lifetime	   varied	  considerably	  between	  models.	  Therefore,	  we	  considered	  solubility	   factors	  of	  0.3,	  0.5,	  and	  0.8	  in	  our	  model	  simulations.	  	  
!C
!t = S " LwetC
!C
!t = 0 Lwet =
S
C =1 ! wet
! 
"wet
 29	  	  
	  
Figure	  2.5	  The	  mass	  wet	  scavenging	  residence	  time	  and	  loss	  rate	  at	  solubility	  factors	  from	  0.25	  to	  1.0. 	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2.3	  	  Results	  
2.3.1	  	  	  	  Mass	  Concentration	  We	  compare	  the	  modeled	  mass	  concentration	  with	  the	  measurements	  at	  eight	  coastal	  sites	  from	  the	  University	  of	  Miami	  global	  network	  (Savoie	  and	  Prospero,	  1977)	  in	  1994	  (SP	  data	  hereinafter).	  The	   sodium	  mass	   is	  measured	  by	   flame	  atomic	  absorption	  with	  a	  one-­‐standard	  deviation	  uncertainty	  of	  2%.	  The	  mass	  of	  sodium	  is	   then	  multiplied	  by	  3.252	  to	  retrieve	   the	  mass	   of	   sodium	   chloride.	  Uncertainty	  may	   arise	   from	   the	  different	   samplers	  they	  used	  and	  the	  varying	  locations	  from	  the	  shoreline	  at	  different	  sites.	  For	  further	  details	  of	   the	  source	  of	  uncertainties,	   refer	   to	  Savoie	  et	  al.	   (1994).	  To	  minimize	   island	  effects	  on	  their	  data,	  SP	  used	  wind	  sensors	  to	  control	  the	  sampler	  pumps	  so	  that	  the	  wind	  during	  the	  measurements	   was	   off	   the	   ocean	   at	   a	   speed	   greater	   than	   1	   ms-­‐1.	   	   Comparisons	   of	   grid	  averaged	  SSA	  mass	  to	  data	  measured	  at	  a	  point	  assumes	  the	  point	  is	  representative	  of	  the	  grid,	   but	   SP	   do	   not	   provide	   confirmation	   that	   their	   point	   samples	   represent	   any	   wider	  region.	  	  We	   use	   the	   NCEP	   reanalysis	   for	   1994	   to	   drive	   the	   model	   to	   capture	   year-­‐to-­‐year	  variations	   that	   would	   not	   be	   captured	   by	   free	   model	   runs.	   As	   the	   CMS	   and	   the	   Caffrey	  source	   function	  are	  similar	   in	   the	   large	  particle	  range,	  we	  only	  compare	  the	  CMS	  and	  the	  Gong	   source	   functions.	   We	   also	   test	   three	   solubility	   factors	   of	   0.3,	   0.5,	   and	   0.8.	   The	  measurements	  were	  mostly	  obtained	  on	  a	  daily	  or	  weekly	  basis.	  To	  align	  the	  model	  results	  to	   the	  measurements	   in	   the	   same	   time	   frame,	  we	   average	  daily	   data	   to	  weekly	   data	   and	  average	  model	   results	   for	   the	   same	  days	   as	   in	   the	  measurements.	  There	   are	   times	  when	  extreme	  events	  occur	   at	   several	   sites	   (i.e.,	  Midway	  and	  Norfolk)	   that	  dominate	   the	  mean	  mass	  for	  the	  month.	  The	  model	  is	  not	  able	  to	  pick	  up	  the	  extreme	  events	  possibly	  because	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they	  were	  localized	  to	  the	  measuring	  site	  as	  opposed	  to	  grid-­‐wide	  events.	  In	  Figure	  2.6	  we	  provide	   filtered	   and	   unfiltered	   data.	   	   We	   filter	   the	   extreme	   events	   in	   the	   SP	   data	   by	  eliminating	   data	   points	   outside	   one	   standard	   deviation	   of	   the	   weekly	   data	   in	   1994	   at	  Midway	  Island	  and	  Norfolk.	  However,	  we	  do	  not	  filter	  the	  model	  values.	  	  In	  Table	  2.3,	  and	  the	  correlation	  plot	  in	  Figure	  2.6,	  we	  use	  the	  filtered	  data.	  
	  
Figure	   2.6	   Seasonal	   variations	   and	   scatter	   plot	   of	   mass	   concentrations	   in	   the	   marine	  boundary	  layer	  comparing	  the	  model	  results	  to	  the	  measurements	  at	  eight	  coastal	  sites	  by	  the	  University	  of	  Miami	  global	  network	  (SP	  data,	  Savoie	  and	  Prospero,	  1977)	  in	  1994.	  We	  used	  the	  CMS	  source	  function	  with	  a	  solubility	  factor	  of	  0.5.	  The	  solid	  line	  in	  the	  scatter	  plot	  is	  the	  total	  linear	  fit	  to	  all	  the	  data.	  The	  grey	  short	  dash	  line	  is	  the	  one-­‐to-­‐one	  line	  and	  the	  grey	  long	  dashed	  lines	  are	  the	  one-­‐to-­‐two	  and	  two-­‐to-­‐one	  lines. 
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Table	  2.3	  Slopes,	  correlation	  coefficients,	  and	  normalized	  mean	  biases	  of	  the	  linear	  fits	  of	  the	  measured	  and	  modeled	  mass	  and	  optical	  depth	   in	  1994.	  The	  mass	  data	  are	   from	   the	  University	  of	  Miami	  global	  network	  of	  aerosol	  measurements	  (Savoie	  and	  Prospero,	  1977).	  The	   optical	   depth	   data	   follows	   the	   wind	   speed	   dependence	   measured	   at	   Mace	   Head	  (Mulcahy	  et	  al.,	  2008).	  	  Source	  function	   Solubility	  factor	   Mass	   	   Optical	  Depth	  Slope	   Correlation	   Normalized	  mean	  bias	   	   Slope	   Correlation	   Normalized	  mean	  bias	  Gong	   0.3	   0.83	   0.53	   	  0.04	   	   0.70	   0.95	   -­‐0.34	  Gong	   0.5	   0.72	   0.48	   -­‐0.09	   0.51	   0.93	   -­‐0.51	  Gong	   0.8	   0.62	   0.42	   -­‐0.20	   0.40	   0.92	   -­‐0.62	  CMS	   0.3	   1.10	   0.58	   	  0.34	   1.33	   0.94	   	  0.31	  CMS	   0.5	   0.94	   0.55	   0.14	   0.97	   0.93	   -­‐0.04	  CMS	   0.8	   0.79	   0.51	   -­‐0.01	   0.73	   0.91	   -­‐0.28	  	  	  The	  slopes	  and	  the	  correlation	  coefficients	  of	   the	   linear	   fits	  between	  measurements	  and	   model	   results	   are	   shown	   in	   Table	   2.3	   for	   the	   CMS	   and	   Gong	   source	   functions.	   The	  simulations	   for	  both	  source	   functions	  are	  only	  weakly	  dependent	  on	  the	  solubility	   factor,	  which	  is	  not	  surprising	  since	  the	  sink	  for	  the	  large	  particles	  that	  dominate	  the	  mass	  has	  a	  significant	  component	  due	  to	  sedimentation.	  Figure	  2.6	  demonstrates	  that	  the	  model	  using	  CMS	  source	  function	  and	  the	  solubility	  factor	  of	  0.5	  captures	  the	  seasonal	  variation	  at	  the	  eight	   coastal	   sites	   reasonably	   well.	   The	   scatter	   plot	   between	   measurements	   and	   model	  results	  after	  filtering	  the	  extreme	  events	  at	  the	  eight	  sites	  is	  also	  given	  in	  Figure	  2.6.	  There	  are	   systematic	   biases	   in	   some	   specific	   sites.	   The	  model	   underestimates	   at	   Barbados	   and	  Norfolk	  most	   of	   the	   time	   and	  overestimates	   at	  Midway	   Island	   and	  Reunion.	  However,	   as	  seen	   from	   the	   scatter	   plot,	   the	   monthly	   averages	   are	   relatively	   evenly	   centered	   on	   the	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linear	  fit,	  which	  means	  the	  biases	  with	  opposite	  signs	  cancel	  out	  with	  each	  other	  to	  some	  extent.	  The	  slope	  of	  scatter	  plot	   is	  0.94	  and	  the	  correlation	   is	  0.55.	  The	  normalized	  mean	  bias,	   which	   is	   the	   averaged	   ratio	   of	   the	   difference	   of	   the	   model	   and	   observation	   to	   the	  observation,	   is	   0.14.	   The	  model	   runs	   using	   Gong	   source	   function	   underestimates	   the	   SP	  data	   but	   reproduce	   the	   seasonal	   variation	   reasonably	   well.	   The	   slope	   is	   0.72	   and	   the	  normalized	  mean	  bias	  is	  -­‐0.09	  using	  Gong	  source	  function	  with	  solubility	  factor	  of	  0.5.	  The	   CMS	   source	   function	   includes	   the	   spume	   droplet	   production	   at	   wind	   speed	  higher	   than	  9	  ms-­‐1	  while	   the	  Gong	  source	   function	  does	  not	  produce	  spume	  at	  high	  wind	  speed.	   It	   is	   not	   realistic	   for	   the	   Gong	   source	   function	   to	   have	   high	   emission	   rates	   for	  particles	  larger	  than	  1	  μm	  at	  low	  wind	  speed	  (5	  ms-­‐1)	  as	  shown	  in	  Figure	  2.2(b).	  Likewise,	  neglect	  of	  spume	  causes	  the	  Gong	  source	  function	  to	  predict	  lower	  emission	  than	  the	  CMS	  source	   function	   at	   high	   wind	   speeds.	   Table	   2.3	   shows	   that	   the	   CMS	   source	   function	  comparison	  with	  data	  has	  a	  higher	   correlation	  and	  a	   slope	   closer	   to	  unity	   than	   the	  Gong	  source	  function.	  	  For	  all	  of	  these	  reasons,	  we	  consider	  CMS	  to	  be	  more	  realistic	  as	  a	  function	  of	  wind	  speed.	  	  The	   source	   functions	   include	   the	   Hoppel	   et	   al.	   (2005)	   large	   particle	   gradient	  correction.	   The	   total	   global	   averaged	  mass	   concentration	   using	   the	   Hoppel	   correction	   is	  decreased	  by	  14.6%	  compared	   to	   that	  without	   the	  Hoppel	   correction.	  The	   correction	   for	  gradients	  of	  large	  particles	  in	  thick	  model	  layers	  near	  the	  surface	  influences	  the	  prediction	  of	  mass	  concentration	  and	  should	  be	  considered	  in	  models	  with	  low	  vertical	  resolution.	  Note	   that	   for	  particles	   in	   the	  0.1	   to	  1µm	  size	   range	   the	  Mårtensson	   function	  would	  lower	  the	  number	  of	  particles	  by	  up	  to	  one	  order	  of	  magnitude	  at	  5	  oC	  relative	  to	  all	  other	  functions	  (Figure	  2.1).	  	  This	  size	  range	  contributes	  about	  20%	  to	  the	  total	  mass	  according	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to	   CMS	   source	   function.	   However,	   the	   data	   in	   winter	   at	   high	   northern	   latitudes	   (for	  example,	   Iceland	  and	  Mace	  Head	   in	  Figure	  2.6)	  does	  not	   indicate	   a	   seasonal	   error	  which	  one	  might	  expect	  if	  such	  a	  strong	  temperature	  dependence	  occurred.	  SSA	  mass	  concentration	  over	  continents	  is	  a	  good	  indicator	  of	  the	  removal	  processes	  as	   there	   is	   no	   SSA	   source	   over	   land.	   	   Figure	   2.7	   shows	   the	   submicron	   SSA	   mass	  concentration	   over	   the	  United	   States	   in	   2006	   compared	  with	   the	   IMPROVE	   (Interagency	  Monitoring	  of	  Protected	  Visual	  Environments,	  DeBell	  et	  al.,	  2006)	  dataset.	  	  The	  loss	  rate	  for	  submicron	   particles	   should	   be	   dominated	   by	   washout	   and	   rainout.	   	   The	   IMPROVE	   data	  measures	  the	  chloride	  ion	  over	  more	  than	  200	  sites	  in	  the	  United	  States.	  To	  obtain	  the	  sea-­‐salt	   mass	   the	   chloride	   concentration	   is	   multiplied	   by	   1.8	   to	   represent	   the	   sodium	   ions,	  which	  are	  not	  analyzed	  by	  IMPROVE.	  Underestimation	  by	  IMPROVE	  of	  sea-­‐salt	  mass	  results	  from	   chlorine	   depletion	   in	   the	   reaction	   of	   SSA	   with	   gaseous	   nitrate	   acid.	   The	  minimum/maximum	  SSA	  mass	  concentrations	  are	  0.014/2.18	  µg	  m-­‐3	  for	  the	  IMPROVE	  data	  and	  0.018/4.89	  µg	  m-­‐3	  for	  the	  model.	  Model	  results	  are	  higher	  (mainly	  at	  coastal	  sites)	  but	  comparable	   to	   the	   IMPROVE	   data,	   which	   indicates	   the	   model	   has	   reasonable	   removal	  mechanisms.	   	   The	   low	   horizontal	   resolution	   of	   the	  model	   (2o	  ×	   2.5o)	  may	   be	   a	   factor	   in	  some	  of	  the	  disagreement	  between	  the	  model	  and	  data.	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Figure	   2.7	   Inland	   transport	   of	   submicron	   sea-­‐salt	   mass	   comparing	   between	   (a)	   the	  IMPROVE	  dataset	  and	  (b)	  the	  model	  using	  the	  CMS	  source	  function	  with	  solubility	  factor	  of	  0.5,	  unit:	  μgm−3.	   IMPROVE	  data	  are	  the	  year	  average	  of	  2006,	  PM2.5	  (diameter	  <2.5	  μm)	  chloride	  multiplied	  by	  1.8.	  Model	  values	  are	  the	  averages	  of	  March,	  June,	  September	  2006,	  with	  upper	  limit	  of	  0.95	  μm	  in	  dry	  radius.	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2.3.2	  	  	  	  Optical	  Depth	  The	  aerosol	  optical	  depth,	   τ,	   is	   the	  vertically	   integrated	  aerosol	  extinction	   from	  the	  bottom	  to	  the	  top	  of	  atmosphere.	  	  	  It	  is	  calculated	  in	  the	  model	  as	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.21)	  
where	   	   is	   the	  size-­‐resolved	  number	  concentration	  as	  a	   function	  of	   the	  wet	  
radius,	   rw,	   and	   altitude,	   z.	   qext	   is	   the	   efficiency	   factor	   for	   extinction,	   which	   is	   the	   ratio	  between	   extinction	   area	   and	   geometric	   area.	   qext	   is	   a	   function	   of	   wavelength,	   which	   is	  calculated	  by	  the	  Mie	  code	  in	  CARMA.	  The	  value	  of	  qext	  asymptotes	  to	  2	  when	  the	  particles	  are	   several	   times	   larger	   than	   the	  wavelength	   of	   light.	   	   Since	   SSA	  particles	   in	   the	   oceanic	  environment	  are	  mainly	  made	  up	  of	  water,	  we	  utilize	   the	  refractive	   index	  of	  water	  when	  computing	  the	  efficiency	  factor	  for	  extinction.	  By	  integrating	  over	  all	  the	  particle	  sizes	  and	  all	  the	  vertical	  levels,	  we	  obtain	  the	  aerosol	  optical	  depth	  for	  the	  whole	  column.	  Note	  that	  the	  optical	  depth	   is	  proportional	   to	   the	  square	  of	   the	  wet	  radius	  so	   it	   is	  very	  sensitive	   to	  hygroscopic	  growth	  with	  ambient	  relative	  humidity.	  
	  2.3.2.1	  	  	  	  Comparison	  with	  AERONET	  Optical	  Depth	  It	   is	   not	   easy	   to	   match	   the	   modeled	   sea-­‐salt	   optical	   depth	   to	   optical	   depth	  measurements	   either	   from	   ground	   or	   from	   space,	   since	   the	   measured	   optical	   depths	  contain	   the	   impact	   from	   all	   the	   aerosol	   species.	   	   Sea-­‐salt	   seldom	   dominates	   the	   marine	  optical	   depth.	   Therefore,	   to	   compare	   our	   model	   optical	   depth	   with	   AERONET	   (AErosol	  RObotic	  NETwork)	  retrievals,	  we	  choose	  Midway	  Island	  in	  the	  middle	  of	  the	  Pacific	  Ocean,	  
! = "rw2
dN rw, z( )
drw
qext drw dzrw!z!
dN rw, z( )
drw
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which	  is	  away	  from	  dust	  storm	  tracks,	  biomass-­‐burning	  smoke	  plumes,	  and	  anthropogenic	  pollution	   sources.	   Smirnov	  et	   al.	   (2003)	   stated	  Midway	  as	   the	  only	  AERONET	  site	  where	  they	   could	   clearly	   separate	   the	   sea-­‐salt	   optical	   depth.	   We	   compare	   the	   model	   sea	   salt	  optical	  depths	   (including	  all	  particle	   sizes	   in	   the	  computation)	  with	   the	  observed	  coarse-­‐mode	  optical	  depth.	  	  The	  coarse-­‐mode	  optical	  depth	  is	  the	  wavelength	  independent	  part	  of	  the	  optical	  depth.	  Use	  of	   the	  coarse	  mode	  optical	  depth	  should	   lessen	  the	  contribution	  of	  small	   particles	   that	   are	   likely	   not	   sea-­‐salt.	   To	   further	   exclude	   the	   seasonal	   impacts	   from	  other	  aerosol	  sources,	  we	  eliminate	  the	  data	  points	  when	  the	  instantaneous	  optical	  depths	  are	  over	  0.3.	  	  Figure	  2.8	  compares	  the	  AERONET	  optical	  depth	  at	  Midway	  Island	  with	  the	  monthly-­‐averaged	  model	  optical	  depth	  using	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  for	  2006.	  The	  AERONET	  data	  after	  September	  are	  not	  considered	  reliable,	  and	  therefore	  are	  not	  shown.	  	  Note	   that	  mass	  data	   as	   in	   Figure	  2.6	   is	   not	   available	   for	   2006,	   so	  we	   could	  not	   compare	  mass	  and	  optical	  depth	  for	  the	  same	  year.	  Here	  we	  average	  the	  daytime	  model	  output	  when	  AERONET	   retrievals	   are	   available	   (January	   to	   September).	  The	   root	  mean	   squares	  of	   the	  difference	  between	  the	  simulated	  optical	  depth	  and	  the	  AERONET	  optical	  depth	  are	  0.042,	  0.040,	  and	  0.026	  for	  Gong,	  Caffrey,	  and	  CMS	  source	  functions,	  respectively,	  so	  CMS	  source	  function	  gives	  the	  best	  fit.	  As	  we	  can	  see	  from	  the	  source	  function	  in	  Figure	  2.2,	  the	  elevated	  0.1-­‐1	  µm	  size	  range	  of	  the	  CMS	  source	  function	  leads	  to	  higher	  optical	  depth	  and	  better	  fit	  to	  the	  AERONET	  retrievals.	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Figure	  2.8	  Monthly	  averaged	  model	  and	  AERONET	  coarse-­‐mode	  500	  nm	  optical	  depths	  at	  Midway	  Island	  (28	  oN,	  177	  oW)	  in	  2006.	  Simulations	  using	  Gong,	  Caffrey,	  and	  CMS	  source	  functions	  are	  compared	  here	  using	  a	  solubility	  factor	  of	  0.5.	  	  2.3.2.2	  	  	  	  Relationship	  between	  Optical	  Depth	  and	  Wind	  Speed	  	  Madry	  et	  al.	  (2011)	  have	  shown	  that	  a	  useful	  constraint	  on	  SSA	  optical	  depth	  can	  be	  obtained	  from	  its	  wind	  speed	  dependence.	  	  A	  correlation	  between	  wind	  speed	  and	  sea-­‐salt	  optical	  depth	  has	  been	  suggested	  by	  many	  researchers	  (Hoppel	  et	  al.,	  1990;	  Smirnov	  et	  al.,	  2003;	  Satheesh	  et	  al.,	  2006;	  Mulcahy	  et	  al.,	  2008).	  However,	  considerable	  scatter	  about	  this	  correlation	  may	  remain	  due	  to	  wind	  speed	  variations	  on	  short	  time	  scales,	  pollution	  in	  the	  boundary	  layer	  and	  free-­‐troposphere/stratosphere	  aerosols	  contributing	  to	  optical	  depth.	  Evident	   correlation	   can	   be	   obtained	   only	   when	   stable	   atmospheric	   conditions	   are	   being	  experienced	   and	   uniform	   clean	   marine	   air	   masses	   are	   being	   studied.	   A	   power-­‐law	  relationship	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  (2.22)	  with	  a	  high	  correlation	  (r2	  =	  0.97)	  was	  found	  for	  wind	  speed	  up	  to	  18	  m	  s-­‐1	  at	  Mace	  Head,	   Ireland	   (Mulcahy	   et	   al.,	   2008).	   The	   analysis	   was	   carried	   out	   under	   stable	   wind	  conditions	   and	   very	   stringent	   criteria	   for	   selecting	   the	   clean	  marine	   air	  mass.	   To	   ensure	  that	   the	  measured	  optical	  depth	  properties	  are	  representative	  of	   the	  corresponding	  wind	  speed	  conditions,	  Mulcahy	  et	  al.	   (2008)	   filtered	  their	  samples	  by	  “stable	  wind	  condition”,	  which	   required	   daily	   standard	   deviation	   of	   wind	   speed	   less	   than	   2	   m	   s-­‐1	   and	   standard	  deviation	   during	   optical	   depth	  measurements	   less	   than	   1	  m	   s-­‐1.	   Only	   14	   days	   out	   of	   10	  months	   of	   data	  were	   left	   for	   analyzing	   the	   optical	   depth–wind	   speed	   dependence.	   Other	  datasets	  show	  similar	  dependence	  over	  a	  wide	  area	  (Smirnov	  et	  al.,	  2003;	  Satheesh	  et	  al.,	  2006).	   Madry	   et	   al.	   (2011)	   found	   that	   a	   sea-­‐salt	   model	   produced	   similar	   wind	   speed	  dependence	  over	  the	  global	  ocean.	  	  We	  use	   the	   dependence	   of	  Mulcahy	   et	   al.	   (2008)	  with	   the	  modeled	  10	  meter	  wind	  speed	  to	  constrain	  model	  optical	  depth	  in	  2006.	  Our	  model	  wind	  field	  is	  the	  6-­‐hourly	  NCEP	  reanalysis	   wind	   fields	   linearly	   interpolated	   to	   a	   30-­‐minute	   time	   step	   and	   therefore	   the	  high-­‐frequency	   variation	   of	   wind	   speed	   is	   smoothed	   out.	   	   We	   defined	   the	   “stable	   wind	  condition”	  by	  requiring	  the	  daily	  standard	  deviation	  of	  the	  wind	  speed	  be	  less	  than	  1	  m	  s-­‐1.	  On	  average	  about	  35%	  of	  the	  model	  days	  are	  filtered	  out	  using	  this	  constraint.	  The	  constant	  term	  (0.06)	   in	  optical	  depth-­‐wind	  speed	  dependence	  of	  Mulcahy	  et	  al.	   (2008)	  reflects	  the	  wind-­‐independent	   optical	   depth	   component,	   which	   includes	   the	   contribution	   of	   residual	  sea-­‐salt	   and	   other	   aerosol	   species	   that	   are	   not	   included	   in	   our	  model	   simulation.	   Those	  aerosols	   could	   be	   marine	   sulfate	   aerosol	   derived	   from	   dimethylsulfide,	   marine	   organic	  aerosol,	   and	   anthropogenic	   aerosol	   transported	   from	   the	   continents.	   Our	   model	   results	  
! "=500nm = 0.06+ 0.00055 !U 2.195
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indicate	  that	  the	  optical	  depth	  under	  windless	  condition	  (the	  constant	  term)	  with	  sea-­‐salt	  only	   is	   less	   than	   0.06.	   The	   power-­‐law	   optical	   depth-­‐wind	   speed	   dependence	   is	   well	  reproduced	  by	  our	  model	  by	  scaling	  Mulcahy	  et	  al.’s	  constant	  term	  down	  from	  0.06	  to	  0.02.	  Table	  2.3	   shows	   that	   the	   simulated	   global	   sea-­‐salt	   optical	   depths	   in	   1994	  using	   the	  CMS	  source	   function	   and	   the	   solubility	   factor	   of	   0.5	   is	  well	   reproduced	   by	   the	  Mulcahy	   et	   al.	  function.	  The	  Gong	  source	  function	  underestimates	  the	  optical	  depths	  from	  the	  Mulcahy	  et	  al.	  function	  even	  with	  low	  solubility	  factor	  of	  0.3.	  	  Figure	  2.9	  shows	  the	  modeled	  optical	  depth	  at	  a	  wavelength	  of	  500	  nm	  as	  a	  function	  of	  wind	  speed	  in	  the	  North	  Atlantic	  and	  the	  “roaring	  forties”	  (See	  Table	  2.4	  for	  definitions	  of	   these	   locations).	   Optical	   depths	   in	   the	   “roaring	   forties”	   grow	   with	   wind	   speed	   more	  rapidly	  at	  high	  wind	  conditions	  in	  our	  model	  than	  in	  the	  formulation	  based	  on	  Mulcahy	  et	  al.’s	   coefficients.	   Table	   2.4	   shows	   the	   power-­‐law	   fits	   of	   the	  modeled	   optical	   depth-­‐wind	  speed	  dependence	   in	  seven	  oceanic	  regions.	  The	  mean	  squared	  error	  (MSE)	  of	   the	   fitting	  functions	   show	   that	   the	   modeled	   optical	   depths	   are	   well	   represented	   by	   the	   quadratic	  power-­‐law	   relationship.	   The	   correlations	   between	   the	   calculated	   optical	   depth	   from	  Mulcahy	  et	  al.’s	   relationship	  and	   the	  model	  are	  as	  high	  as	  0.99.	   	  Although	   the	  power-­‐law	  relationship	  is	  applicable	  in	  all	  the	  regions,	  differences	  can	  be	  found	  in	  the	  coefficients.	  The	  exponent	   is	   generally	   larger	   than	   the	   2.195	   value	   in	   Mulcahy	   et	   al.’s	   relationship	   when	  derived	  from	  our	  model,	  indicating	  stronger	  enhancement	  of	  optical	  depth	  with	  increased	  wind	   speed	   in	   the	   model.	   Figure	   2.10	   shows	   the	   scatter	   plot	   comparing	   latitudinal-­‐averaged	  optical	  depth	  from	  the	  model	  and	  calculated	  from	  Mulcahy	  et	  al.’s	  	  formula	  from	  70oS	  to	  70oN.	  The	  slope	  of	  0.97	  and	  correlation	  of	  0.93	  indicates	  the	  model	  and	  the	  function	  derived	   from	  the	  measurements	  agree	  very	  well	  over	   the	  global	  oceans.	   	  The	  normalized	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mean	  bias	  is	  -­‐0.044.	  Similar	  high	  correlations	  were	  found	  by	  Madry	  et	  al.	  (2011).	  	  Note	  that	  the	  variability	  in	  the	  modeled	  optical	  depths	  denoted	  by	  the	  error	  bars	  are	  so	  large	  that	  the	  differences	  in	  the	  power	  laws	  from	  Mulcahy	  et	  al.	  (2008)	  and	  our	  model	  are	  not	  significant.	  	  While	  Mulcahy’s	  data	  come	  from	  a	  very	  restricted	  part	  of	  the	  oceans,	  it	   is	  interesting	  that	  both	  our	  model	  and	  Madry	  et	  al.	  (2011)’s	  model	  suggest	  similar	  behavior	  may	  occur	  over	  much	  of	  the	  world’s	  ocean.	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Figure	  2.9	  Wind	  speed	  dependence	  of	  sea-­‐salt	  optical	  depth	  in	  (a)	  North	  Atlantic	  and	  (b)	  roaring	  forties	  (60	  oS–40	  oS)	  in	  1994.	  Dots	  are	  the	  modeled	  yearly-­‐averaged	  optical	  depths	  displayed	   in	   the	   middle	   of	   the	   wind	   speed	   interval.	   Error	   bars	   represent	   one	   standard	  deviation	  of	  the	  values	  in	  the	  region.	  The	  dashed	  lines	  are	  the	  optical	  depths	  of	  the	  power-­‐law	  relationship	  of	  Mulcahy	  et	  al.	  (2008)	  using	  model	  10m	  wind	  speed	  with	  constant	  term	  scaled	  down	  to	  0.02.The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5. 	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Table	  2.4	  Aerosol	  optical	  depth	  (τ)–wind	  speed	  (u10)	  dependence	  of	  the	  fitting	  function	  in	  global	  oceanic	  regions.	  	  	  Region	   Coordinate	   Optical	  depth-­‐wind	  speed	   MSE	   R	  	   %Stable	  wind	  	  N.	  Atlantic	   EQ-­‐60N	   75W-­‐180W	   	   5.84e-­‐5	   0.9967	   72.8%	  S.	  Atlantic	   60S-­‐EQ	   75W-­‐	  20E	   	   1.19e-­‐4	   0.9961	   62.0%	  N.	  Pacific	   EQ-­‐60N	   145E-­‐120W	   	   9.56e-­‐5	   0.9944	   73.4%	  S.	  Pacific	   60S-­‐EQ	   150E-­‐75W	   	   1.23e-­‐4	   0.9898	   72.4%	  Indian	  Ocean	   60S-­‐30N	   20E-­‐145E	   	   2.44e-­‐5	   0.9990	   70.5%	  Roaring	  Forties	   60S-­‐40S	   0E-­‐0W	   	   1.38e-­‐5	   0.9967	   45.2%	  Southern	  Ocean	   65S-­‐60S	   0E-­‐0W	   	   1.10e-­‐4	   0.9911	   49.9%	  MSE:	  mean	  square	  error.	  R:	  Correlation.	  
	  
2.3.3	  	  	  	  Number	  Concentration	  Unfortunately,	  it	  is	  even	  more	  difficult	  to	  find	  data	  on	  sea-­‐salt	  number	  concentration	  than	  on	  optical	  depth.	  Most	  condensation	  nuclei	  (CN)	  and	  cloud	  condensation	  nuclei	  (CCN)	  data	  do	  not	  distinguish	  aerosol	  composition.	  In	  addition,	  there	  are	  no	  data	  from	  a	  network	  on	  CN	  and	  CCN,	  as	  there	  are	  for	  optical	  depth	  and	  mass.	  Many	  researchers	  have	  carried	  out	  investigations	  on	  the	  wind	  speed	  dependence	  of	  marine	  aerosol	  number	  concentration	  as	  reviewed	  by	  Lewis	  and	  Schwartz	  (2004).	  	  Only	  a	  few	  of	  them	  discriminated	  SSA	  from	  other	  marine	  aerosols	  using	  the	  thermal	  heating	  technique	  (O'Dowd	  and	  Smith,	  1993;Shinozuka	  et	  al.,	  2004).	  
! = 0.030+ 0.00022u102.499
! = 0.026+ 0.00063u102.143
! = 0.037+ 0.00001u102.767
! = 0.036+ 0.00001u103.007
! = 0.017+ 0.00041u102.374
! = 0.042+ 0.00017u102.659
! = 0.043+ 0.00080u102.899
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The	  wind	  speed	  dependence	  of	  SSA	  number	  concentration,	  N,	   is	   typically	  expressed	  by	  a	  log-­‐linear	  relationship	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  (2.23)	  Here	   aN	   is	   slope	   of	   the	   wind	   speed	   dependence	   and	   N0	   is	   the	   exponential	   of	   the	  number	   concentration	   at	  windless	   condition.	   Figure	   2.11	   compares	   our	  model	   results	   in	  October	   1994	   with	   the	   ship	   measurements	   over	   the	   Northeast	   Atlantic	   (63oN,	   8oW)	   by	  O’Dowd	  and	  Smith	  (1993)	  in	  October	  1989	  down	  to	  radius	  as	  small	  as	  0.05	  µm.	  The	  data	  cover	  wind	  speeds	  as	  high	  as	  17	  m	  s-­‐1.	  Here	  we	   interpolate	   the	  model	   size	   ranges	   to	   the	  four	   size	   ranges	   of	   the	   measurement.	   The	   model	   results	   generally	   agree	   with	   the	  measurements	  in	  all	   four	  size	  ranges.	  However,	  the	  model	  produce	  higher	  concentrations	  for	   the	   particles	   with	   radius	   of	   0.05-­‐0.1	   µm	   than	   observed.	   We	   conclude	   from	   the	  comparison	   between	   model	   and	   the	   measurement	   that	   the	   reasonable	   range	   of	   aN	  coefficients	  varies	   from	  0.08	  to	  0.10	   for	  radius	  smaller	   than	  1.5	  µm	  for	   the	  measurement	  location.	  	  
logN = aNU10 + N0
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Figure	  2.11	  Wind	  speed	  dependence	  of	  the	  number	  concentration	  in	  the	  model	  compared	  with	  measurements	   by	  O’Dowd	  and	   Smith	   (1993)	  during	  October	   1994	   in	   the	  Northeast	  Atlantic	  (63	  oN,	  8	  oW)	  in	  the	  dry	  radius	  range	  (a)	  0.40–1.50	  μm,	  (b)	  0.19–0.42	  μm,	  (c)	  0.10–0.15	   μm,	   and	   (d)	   0.05–0.10	   μm.	   The	   dots	   are	   the	   modeled	   number	   with	   error	   bars	  representing	  one	  standard	  deviation.	  The	  solid	  lines	  are	  the	  linear	  fits.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	  	  We	   also	   compare	   our	   model	   in	   December	   1994	   with	   the	   First	   Aerosol	  Characterization	  Experiment	  (ACE-­‐1)	  dataset.	  	  We	  averaged	  the	  model	  concentration	  over	  the	  ACE-­‐1	   campaign	   region	   in	   the	   southwest	  Pacific	   (40-­‐56oS,	  135-­‐160oE)	   and	   compared	  with	  ACE-­‐1	  data	  in	  November	  and	  December	  1995	  (Shinozuka	  et	  al.,	  2004)	  in	  Figure	  2.12.	  Also	   included	   in	  Figure	  2.12	  are	   the	  data	  obtained	  by	  O’Dowd	  and	  Smith	   (1993).	  We	  use	  their	   data	   instead	   of	   the	   regression	   fit	   because	   we	   would	   have	   higher	   number	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concentration	  at	  high	  wind	  speeds	  using	  their	  regression	  function	  than	  the	  actual	  data.	  The	  ACE-­‐1	  data	  are	  for	  submicron	  size	  ranges	  (0.075-­‐0.5	  µm)	  and	  the	  O’Dowd	  and	  Smith	  (1993)	  data	   are	   for	   size	   ranges	   0.05-­‐0.15	   µm,	   and	   0.19-­‐0.42	   µm.	   The	   model	   size	   range	   is	  interpolated	   to	   be	   as	   consistent	   as	   possible	  with	   the	  measurement	   data	   (0.075-­‐0.15	   µm,	  0.19-­‐0.42	  µm).	  Both	  measurements	  show	  a	  near-­‐zero	  offset	  while	  the	  model	  offset	  is	  about	  10	  cm-­‐3.	  The	  different	  offset	  between	  the	  model	  and	  the	  data	  could	  be	  due	  to	  the	  different	  rainout	   rate	   in	   the	   year	   that	   was	   modeled,	   which	   brings	   more	   SSA	   from	   the	   upwind	  direction,	  than	  actually	  occurred	  during	  the	  year	  of	  the	  measurements.	  The	  regression	  fit	  to	  the	  model	  results	  generally	  agrees	  with	  the	  wind	  speed	  dependence	  of	  the	  measurements	  although	  the	  model	  fit	  is	  higher	  than	  the	  measurements	  at	  moderate	  wind	  speeds	  (7-­‐13	  m	  s-­‐1).	   	   We	   explored	   whether	   the	   model	   overestimate	   could	   be	   caused	   by	   the	   rainfall	  evaporation	   scheme,	  which	   releases	   particles	   back	   at	   their	   original	   size	  when	   raindrops	  evaporate.	  	  In	  reality	  aerosols	  should	  merge	  inside	  drops	  to	  form	  larger	  particles.	  	  We	  find	  model	  number	  concentrations	  are	  reduced	  by	  about	  8.6%	  if	  we	  let	  the	  small	  particles	  grow	  into	   larger	   ones	   after	   rain	   droplets	   evaporate,	   which	   is	   not	   enough	   to	   explain	   the	  overestimation.	  It	  also	  could	  result	  from	  the	  lack	  of	  condensational	  growth	  of	  SO2	  gas	  onto	  sea	   salt	   particles	   in	   our	   model.	   	   Such	   growth	   would	   lead	   to	   larger	   particles	   which	  may	  influence	  which	  particles	  sizes	  are	  compared	  between	  the	  model	  and	  observations.	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Figure	  2.12	  Wind	  dependence	  of	  number	  concentration	  of	  the	  model	  in	  the	  South	  Pacific	  compared	  to	  the	  function	  of	  O’Dowd	  and	  Smith	  (1993)	  and	  the	  ACE-­‐1	  data.	  The	  error	  bars	  represent	  one-­‐standard	  deviation	  of	  the	  model	  results.	  The	  model	  and	  O’Dowd	  and	  Smith	  data	   are	   for	   dry	   radius	   0.05–0.15	   μm	   and	   0.19–0.42	   μm.	   The	   ACE-­‐1	   data	   are	   for	   radius	  0.075–0.5	  μm.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	  Figure	  2.12	  indicates	  the	  model	  values	  have	  a	  zero	  wind	  offset	  (of	  about	  10	  cm−3),	  which	  is	  larger	  than	  the	  observed	  zero	  wind	  speed	  offset.	  
 At	   wind	   speeds	   above	   13	   m	   s-­‐1	   the	   model	   number	   concentration	   falls	   below	   the	  regression	  line	  in	  Figure	  2.12.	  Figure	  2.13	  illustrates	  the	  modeled	  wind	  speed	  dependence	  of	   the	   emission	   flux	   compared	   with	   the	   eddy	   covariance	   measurements	   of	   sea	   spray	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particle	   emission	   by	   Norris	   et	   al.	   (2008).	   The	   data	   are	   fitted	   to	   a	   log-­‐linear	   relationship	  between	   the	   fluxes	   and	   the	   wind	   speed.	   The	   model	   emission	   flux	   is	   a	   power-­‐law	  relationship	  with	  the	  wind	  speed	  so	  the	  shape	   is	  different	  than	  the	  data,	  but	  we	  still	  give	  the	   log-­‐linear	   fits	   in	   the	   figure.	   Smaller	   slopes	   for	   the	  model	   are	   found	   for	  particles	  with	  radius	  of	  0.15	  µm	  as	  well	  as	  other	  size	  ranges	  not	  shown	  here.	  The	  model	  produces	  less	  SSA	  particles	   than	   from	   the	   relationship	  derived	   from	   the	  measurement	  at	  high	  wind	  speeds.	  Therefore,	   it	   is	  possible	   that	   some	  mechanism	   that	   could	   increase	   the	  production	   rate	  at	  high	  wind	  speed	  is	  not	  included	  in	  the	  existing	  source	  functions.	  Alternatively	  the	  Norris	  et	  al	  (2008)	  data	  may	  be	  affected	  by	  being	  taken	  in	  a	  coastal	  region,	  or	  by	  other	  local	  factors.	  
	  
Figure	  2.13	  Emission	   fluxes	  of	  0.15	  μm	  dry	  radius	  sea-­‐salt	  at	  different	  wind	  speeds.	  The	  dots	  with	  error	  bars	  are	  the	  model	  parameterized	  emission	  fluxes.	  The	  solid	  line	  is	  the	  log-­‐linear	  fit	  for	  wind	  speed	  range	  4–12	  ms−1.	  The	  dashed	  line	  is	  the	  emission	  flux	  by	  Norris	  et	  al.	   (2008).	   The	   model	   values	   were	   averaged	   over	   the	   area	   of	   ship	   measurement	   at	   the	  United	   States	   east	   coast	   (24	   oN	  –36	   oN,	   50	   oW	  –77	   oW).	  The	  model	  used	   the	  CMS	   source	  function	  and	  a	  solubility	  factor	  of	  0.5. 
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2.3.4	  	  	  	  Size	  Distribution	  2.3.4.1	  	  	  	  Comparison	  with	  AERONET	  Size	  Distribution	  	  Particle	  size	  distributions	  for	  radius	  from	  0.05	  to	  15	  μm	  are	  retrieved	  by	  AERONET	  using	  a	  flexible	  inversion	  algorithm	  developed	  by	  Dubovik	  and	  King	  (2000).	  Figure	  2.14(a)	  demonstrates	   the	   AERONET-­‐derived	   and	   model-­‐produced	   volumetric	   size	   distribution	  under	  ambient	  relative	  humidity	  at	  Midway	  Island	  in	  January,	   June,	  and	  September	  2006.	  AERONET	  size	  distributions	  are	  retrieved	  in	  actual	  (wet)	  particle	  radius.	  Therefore,	  we	  also	  display	  the	  model	  results	  in	  wet	  radius.	  Particles	  with	  the	  same	  dry	  radius	  could	  grow	  into	  different	  wet	   sizes	   because	   of	   the	   different	   relative	   humidity	   values	   in	   different	   vertical	  layers.	   To	   facilitate	   combining	   the	   functions	   in	   various	   vertical	   layers,	  we	  define	   a	   set	   of	  “universal	  wet	  radius	  bins”,	  which	  extends	  to	  82.7	  μm.	  We	  first	  calculate	  the	  wet	  radius	  at	  each	   layer	   for	  each	  of	  our	  original	  dry	  salt	  bins.	  Then	  we	  redistribute	  the	  particles	  to	  the	  “universal	   wet	   radius	   bins”	   in	   such	   a	   way	   that	   both	   the	   dry	   mass	   and	   the	   number	   are	  conserved	  in	  the	  splitting.	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Figure	  2.14	  (a)	  volumetric	  size	  distribution	  s	  a	  function	  of	  wet	  radius	  compared	  between	  the	   vertical	   integration	   of	   the	   simulations	   and	   AERONET	   inversion	   product	   at	   Midway	  Island	  in	  March,	  June,	  and	  September	  2006.	  The	  shaded	  area	  around	  the	  model	  curve	  is	  one	  standard	  deviation	  of	  all	  the	  daily	  size	  distributions;	  (b)	  same	  as	  (a)	  but	  for	  cross-­‐sectional	  area	   size	  distribution.	  The	  model	  used	   the	  CMS	  source	   function	  and	  a	   solubility	   factor	  of	  0.5.	  Different	  vertical	  scales	  are	  used	  for	  the	  model	  and	  AERONET	  to	  make	  the	  total	  volume	  and	  cross-­‐sectional	  area	  the	  same	  for	  particles	  larger	  than	  0.44	  μm.	  	  AERONET	  reports	  volume	  size	  distribution	  in	  their	  data	  products.	  However,	  the	  light	  scattering	  mainly	  depends	  on	  the	  cross-­‐sectional	  area	  of	  the	  particles.	  Hence	  we	  believe	  the	  data	  are	  actually	  more	  reliable	  for	  area	  distribution.	  Therefore,	  we	  convert	  the	  AERONET	  volumetric	  size	  distribution,	   ,	  to	  the	  area	  size	  distribution,	   ,	  by	  
! 
dV /d ln r
! 
dA d ln r
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where	  A	  is	  the	  cross-­‐sectional	  area.	  The	  results	  are	  shown	  in	  Figure	  2.14(b).	  Different	  scales	   are	   used	   for	   the	   model	   and	   the	   AERONET	   retrieval	   so	   that	   the	   total	   volume	   and	  cross-­‐sectional	  area	  are	  the	  same	  for	  the	  model	  and	  AERONET	  for	  particles	  larger	  than	  0.44	  μm.	  We	  make	  the	  areas	  equal	  above	  0.44	  µm	  because	  AERONET	  shows	  a	  significant	  mode	  near	  0.1	  µm.	  This	  mode	  is	  probably	  due	  to	  sulfate	  and	  organic	  aerosols	  from	  the	  oceans	  or	  pollution	  aerosols	  that	  are	  not	  represented	  in	  the	  model.	  Notice	  that	  this	  mode	  is	  weaker	  in	  January	  when	  the	  biota	  is	  less	  active.	  	  	  The	  modeled	  size	  distribution	  basically	  reflects	  the	  coarse	  mode	  in	  the	  AERONET	  bi-­‐modal	  size	  distribution	  inversion.	  The	  model	  volumetric	  size	  distributions	  show	  two	  modes,	  one	  near	  3	  µm	  and	  the	  other	  near	  30	  µm.	  Clearly	  a	  significant	  amount	  of	  volume	  is	  in	  the	  very	  large	  mode,	  which	  comes	  from	  spume	  generation.	  The	  data	  do	  not	  show	  the	  presence	  of	  the	  spume	  mode	  probably	  because	  AERONET	  retrievals	  are	  not	  sensitive	  to	  volume	  but	  to	   area.	   The	  model	   spans	   to	   larger	   sizes,	   but	   is	   questionable	   because	   the	   spume	  droplet	  generation	   is	   hard	   to	   observe	   and	   may	   be	   poorly	   represented	   in	   the	   model.	   The	   large	  particles	   may	   not	   instantaneously	   grow	   to	   equilibrium	   state	   with	   ambient	   relative	  humidity	  as	  we	  assumed	  in	  the	  model.	  The	  spume	  mode	  contributes	  little	  to	  the	  area	  of	  the	  particles.	   The	   shape	   of	   the	  modeled	   area	   size	   distribution	   basically	  matches	   the	   coarse-­‐mode	  AERONET	  size	  distribution,	  though	  there	  are	  variations	  from	  month	  to	  month.	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2.3.4.2	  	  	  	  Comparison	  with	  In-­‐situ	  Measurement	  	  Since	   it	   is	   not	   possible	   to	   determine	   the	   number	   concentration	   of	   SSA	   in	   the	  AERONET	  retrievals,	  we	  compare	  our	  modeled	  size	  distribution	  with	  in-­‐situ	  measurements	  at	   the	   surface.	   Figure	   2.15	   shows	   the	   modeled	   number	   size	   distributions	   using	   Gong,	  Caffrey,	  and	  CMS	  source	  functions	  at	  Midway	  Island	  in	  June	  2006.	  Comparison	  are	  made	  to	  the	  observation	  during	   the	  NEAT’89	  cruise	   in	  Northeast	  Atlantic	   (O'Dowd	  et	  al.,	  1997).	  A	  tri-­‐modal	  log-­‐normal	  function	  is	  fitted	  to	  the	  measurements	  for	  film,	  jet,	  and	  spume	  droplet	  modes,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.25)	  














logN1 = 0.095U10 + 0.283 rm1 = 0.1µm !1 =1.9
logN2 = 0.0422U10 ! 0.288 rm2 =1µm ! 2 = 2
logN3 = 0.069U10 !3.5 rm3 = 6µm ! 2 = 3
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Figure	   2.15	   Surface	   number	   size	   distribution	   versus	   dry	   radius	   compared	   between	   the	  modeled	  distribution	  and	  Lewis	  and	  Schwartz	  (2004)	  canonical	  distribution	  and	  O’Dowd	  et	  al.	   (1993)	   empirical	   relationship	   at	   Midway	   Island	   in	   June	   2006.	   The	   model	   used	   a	  solubility	  factor	  of	  0.5.	  We	  multiply	  the	  whole	  size	  distributions	  by	  normalizing	  factors	  of	  2.241,	  0.891,	  2.038,	  and	  1.849	  for	  Lewis	  and	  Schwartz	  (2004),	  O’Dowd	  et	  al.	  (1993),	  Gong,	  and	  Caffrey	  function,	  respectively.	  	  Also	   shown	   in	   Figure	   2.15	   is	   the	   canonical	   distribution	   from	   Lewis	   and	   Schwartz	  (2004),	   which	   is	   an	   empirical	   relationship	   that	   is	   based	   on	   21	   measurements	   of	   size	  distributions	  of	  SSA	  concentrations	  over	  the	  global	  oceans	  (refer	  to	  Table	  13	  in	  Lewis	  and	  Schwartz	  (2004)),	  which	  includes	  the	  measurement	  of	  O’Dowd	  et	  al.	  (1997).	  The	  canonical	  size	  distribution	  is	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(2006).	   Note	   that	   we	   have	   converted	   the	   diameter	   range	   of	   0.01-­‐8	   µm	   in	   Clarke	   et	   al.‘s	  figure	  to	  the	  radius	  range	  and	  reconstructed	  the	  percentage	  distribution	  to	  be	  in	  the	  range	  of	   0.01-­‐4	  µm.	  Clarke	   et	   al.’s	   data	   shows	   that	   54.8%	  of	   sea-­‐salt	   particles	   are	   smaller	   than	  0.05	   in	   dry	   radius.	   We	   list	   the	   number	   concentration	   and	   the	   fraction	   of	   the	   particles	  smaller	   than	   0.05	   μm	   from	   our	  model	   and	   the	   canonical	   size	   distribution	   by	   Lewis	   and	  Schwartz	   (2004)	   in	   Table	   2.5.	   The	   Gong	   source	   function	   gives	   about	   10%	   of	   sea-­‐salt	  number	  coming	   from	  particles	   smaller	   than	  0.05	  µm,	  which	   is	   close	   to	   the	  canonical	   size	  distribution	   but	   much	   lower	   than	   54.8%	   as	   observed.	   The	   Caffrey	   and	   CMS	   source	  functions	  give	  a	  much	  larger	  fraction	  of	  around	  85%	  and	  60%	  of	  particles	  smaller	  than	  0.05	  µm,	  because	  they	  are	  based	  on	  Clarke	  et	  al.	  (2006),	  which	  indicates	  the	  existence	  of	   large	  amount	   of	   ultra-­‐fine	   SSA	   particles.	   CMS	   gives	   the	   closest	   estimate	   for	   the	   fraction	   of	  particles	  smaller	  than	  0.05	  µm.	  The	  Gong	  source	  function	  rejected	  the	  small	  particles	  in	  the	  Monahan	  source	  function	  (see	  Figure	  2.1).	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Figure	   2.16	   Percentage	   of	   number	   concentration	   with	   dry	   radius	   larger	   than	   the	   value	  indicated	  in	  the	  model	  bottom	  layer	  compared	  between	  model	  results	  using	  Gong,	  Caffrey	  and	  CMS	  source	  function	  and	  Clarke	  et	  al.	  (2006).	  The	  model	  size	  distributions	  are	  from	  the	  grid	  cell	  containing	  the	  Midway	  Island	  in	  June	  2006.	  The	  model	  used	  a	  solubility	  factor	  of	  0.5.	  	  
Table	  2.5	  Monthly-­‐averaged	  number	  concentration	  with	  radius	  0.01-­‐4	  µm	  and	  fraction	  of	  particles	  with	  radius	  of	  0.01-­‐0.05	  µm	  at	  Midway	  Island	  in	  June	  2006.	  	  Source	  functions/	  data	   Number	  concentration	  (cm-­‐3)	   Fraction	  Gong	   17.3	  	  	   9.4%	  Caffrey	   120.8	  	  	   82.4%	  CMS	   83.7	  	  	   58.7%	  Clarke	  et	  al.	  (2006)	   N/A	   54.8%	  Lewis	  &	  Schwartz	  (2004)	   4.5	  	  	   10.1%	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Figure	  2.17	  shows	  the	  mass	  and	  cross-­‐sectional	  area	  size	  distribution	  compared	  with	  that	   inferred	   from	   the	   Lewis	   and	   Schwartz	   (2004)	   canonical	   size	   distribution.	   They	   are	  normalized	   in	   the	   same	   way	   as	   Figure	   2.15.	   The	   mass	   and	   the	   cross-­‐sectional	   area	  distribution	  in	  the	  coarse	  mode	  match	  the	  canonical	  size	  distribution	  very	  well	  for	  the	  Gong	  and	  Caffrey	  source	  functions.	  The	  CMS	  source	  function	  gives	  a	  relatively	  lower	  coarse	  mode.	  Note	  that	  this	  does	  not	  mean	  CMS	  source	  function	  underpredicts	  coarse	  mode	  particles	  as	  Figure	  2.17	  is	  normalized.	  All	  source	  functions	  for	  mass	  produce	  results	  which	  agree	  with	  the	   canonical	   one	   in	   the	   radius	   range	   from	  0.1	   to	   1µm.	   The	   differences	   in	   the	  mass	   and	  cross-­‐sectional	  area	  below	  0.1	  µm	  are	  not	  important	  for	  the	  integrated	  mass	  and	  area	  due	  to	  their	  small	  magnitude.	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Figure	   2.17	   Same	   as	   Figure	   2.15	   except	   for	   (a)	   mass	   and	   (b)	   cross-­‐sectional	   area	   size	  distribution.	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Figure	   2.18	   shows	   the	   percentages	   of	   modeled	   number,	   cross-­‐sectional	   area,	   and	  mass	   concentration	   smaller	   than	  a	   certain	  particle	   radius	  using	   the	  CMS	  source	   function.	  The	  radius	  at	  which	  the	  number,	  area,	  and	  mass	  concentration	  reaches	  50%	  of	  the	  total	  is	  0.051	  µm,	  0.93	  µm,	  and	  1.6	  µm,	  respectively.	  Although	  it	  is	  commonly	  agreed	  that	  mass	  and	  number	   are	  dominated	  by	  difference	   size	   ranges,	   it	   is	   not	   very	  often	  mentioned	   that	   the	  mass	  and	  optical	  depth	  are	  dominated	  by	  different	  sizes.	  Climate	  models	  usually	  reproduce	  mass	   and	   they	   assume	  optical	   depth	   should	   also	  be	  well	   represented.	   Figure	  2.18	   shows	  that	  it	  is	  not	  an	  absolutely	  correct	  assumption.	  	  
	  
Figure	   2.18	   Percentage	   of	   number,	   cross-­‐sectional	   area,	   and	  mass	   size	   distribution	   less	  than	  a	  particular	  radius	  in	  the	  dry	  radius	  range	  from	  0.01–15.2	  μm.	  The	  number	  and	  mass	  concentration	   are	   for	   bottom	   layer.	   The	   cross-­‐sectional	   area	   is	   calculated	   for	   humidified	  particles	   in	   the	  whole	   column.	  These	   are	   the	   size	   distributions	   at	  Midway	   Island	   in	   June	  2006	  using	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5. 
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2.3.5	  	  	  	  SSA	  Global	  Distribution	  	  Figure	   2.19	   shows	   the	   global	   distribution	   of	   optical	   depth	   using	   the	   CMS	   source	  function	   in	   the	   boreal	   winter	   and	   summer	   of	   2006.	   The	   optical	   depths	   are	   usually	   high	  (>0.1)	  in	  the	  roaring	  forties	  (40o-­‐60oS)	  in	  the	  southern	  hemisphere	  where	  the	  wind	  blows	  fiercely	  all	  through	  the	  year.	  The	  optical	  depths	  are	  also	  relatively	  large	  in	  the	  high-­‐latitude	  oceans	   of	   the	   northern	   hemisphere	   in	   winter	   when	   the	   wind	   strengthens.	   The	   optical	  depths	   are	   low	   in	   the	   tropical	   region	   in	   both	   seasons	   due	   to	   the	   low	  wind	   speeds.	   The	  optical	  depth	  increases	  in	  the	  summer	  monsoon	  season	  over	  the	  Indian	  Ocean.	  Basically	  the	  optical	   depth	   distribution	   follows	   the	   wind	   speed	   pattern.	   Tropical	   rainfall	   could	   also	  contribute	   to	   low	  optical	   depth	   by	   the	   removal	   of	   SSA	  particles.	   The	   high	   optical	   depths	  near	  Peru	  result	  from	  the	  error	  in	  the	  NCEP	  wind	  field	  near	  the	  Andes	  Mountains	  (personal	  communication	  with	  Dr.	  J.	  F.	  Lamarque).	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Figure	   2.19	  Modeled	   global	   distribution	   of	   SSA	   optical	   depth	   in	   the	   boreal	  winter	   (DJF,	  December,	   January,	  and	  February)	  and	  summer	  (JJA,	   June,	   July,	  and	  August)	  of	  2006.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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Figure	   2.20	   shows	   the	   global	   distribution	   of	   number	   concentration	   in	   the	   surface	  layer	   in	   the	   size	   range	   of	   0.01-­‐15	   µm	   in	   the	   boreal	   winter	   and	   summer	   of	   2006.	   	   The	  concentration	   is	   typically	   about	   10-­‐50	   cm-­‐3,	   but	   can	   be	   over	   150	   cm-­‐3	   in	   the	   “roaring	  forties”.	   Persistent	   high	   concentrations	   exist	   in	   the	   “roaring	   forties”	   in	   the	   two	   seasons.	  Low	   values	   can	   be	   seen	   in	   the	   tropics	   and	   again	   high	   concentration	   in	   the	   summer	  monsoon	  season	  over	  India	  Ocean.	  The	  “hot	  spot”	  off	  the	  coast	  of	  South	  America	  is	  due	  to	  the	   error	   in	   the	  wind	   field	   as	   in	   Figure	  2.19.	  However,	   the	   seasonal	   variation	  of	   number	  concentrations	  does	  not	  correspond	  with	  that	  of	  the	  wind	  speed	  or	  optical	  depth.	  Although	  it	   is	   true	   for	  every	  season	   that	   the	  number	  concentration	   increases	  with	  wind	  speed,	   the	  increases	  are	  different	  between	  seasons.	  For	  example	  referring	   to	  Figure	  2.19	   the	  optical	  depth	  is	  highest	  over	  the	  North	  Pacific,	  North	  Atlantic	  and	  roaring	  forties	  in	  the	  winter	  for	  the	  hemisphere	  in	  question,	  while	  the	  number	  density	  is	  highest	  in	  summer.	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Figure	  2.20	  Modeled	  global	  distribution	  of	  SSA	  surface	  number	  concentration	  in	  the	  boreal	  winter	  (DJF,	  December,	  January,	  and	  February)	  and	  summer	  (JJA,	  June,	  July,	  and	  August)	  of	  2006.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5.	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The	  different	  seasonal	  patterns	  of	  optical	  depth	  and	  number	  concentration	  are	  likely	  due	   to	   the	   different	   removal	  mechanisms	   in	   different	   particle	   size	   ranges.	   	   	   Figure	   2.21	  shows	   the	   loss	  rate	  of	  particles	  as	  a	   function	  of	   radius	   for	  30	  oN	   -­‐60oN	  and	  30	  oS	   -­‐60oS	   in	  boreal	  summer	  and	  winter.	  Dry	  deposition,	  wet	  scavenging	  and	  total	  loss	  rate	  are	  shown	  in	  Figure	  2.21.	  	  The	  loss	  rates	  are	  calculated	  by	  dividing	  the	  global	  removal	  flux	  by	  the	  global	  concentration	  (Balkanski	  et	  al.,	  1993).	  In	  both	  seasons	  and	  hemispheres	  wet	  scavenging	  is	  the	  dominant	  process	  removing	  particles	  smaller	  than	  about	  1µm.	  Therefore,	  the	  number	  concentration	   is	   influenced	  by	  wet	   scavenging	   as	  well	   as	  wind	   speed	  which	   controls	   the	  production	  rate.	  Although	  the	  emission	  in	  the	  northern	  hemisphere	  during	  boreal	  winter	  is	  higher	  than	   in	  summer,	  precipitation	  removes	  SSA	  particles	  more	  effectively	   in	  winter	  so	  the	   number	   concentration	   in	   northern	   hemisphere	   increase	   from	   winter	   to	   summer.	   In	  contrast	   to	   the	   situation	   for	   small	   particles,	   the	   optical	   depth	   is	   mostly	   influenced	   by	  particles	   larger	   than	  1	  µm.	  Dry	  deposition	   is	   important	   for	   particles	   larger	   than	  1	  µm	   in	  both	  winter	  and	  summer.	  	  Dry	  deposition	  depends	  only	  weakly	  on	  wind	  speed,	  and	  not	  at	  all	   on	   rainfall.	   	   Therefore,	   the	   optical	   depth	   pattern	   follows	   the	  wind	   speed	   because	   the	  emission	  as	  a	  function	  of	  wind	  speed	  controls	  the	  concentration.	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Figure	  2.21	  The	  dry	  deposition,	  wet	  scavenging	  and	  total	  loss	  rate	  of	  particles	  as	  a	  function	  of	   dry	   radius	   for	   30oN–60oN	   (Northern	   Hemisphere,	   N.	   H.)	   and	   30oS	   –	   60oS	   (Southern	  Hemisphere,	  S.	  H.)	  in	  (a)	  June,	  July,	  and	  August	  (JJA)	  and	  (b)	  December,	  January,	  February	  (DJF).	  The	  model	  used	  a	  solubility	  factor	  of	  0.5.	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Figure	  2.22	   illustrates	   the	  CCN	  number	  concentration	  at	  a	  supersaturation	  of	  0.1%,	  which	  is	  a	  subset	  of	  number	  concentration	  with	  radius	  larger	  than	  0.07	  µm.	  Typically	  our	  modeled	  sea-­‐salt	  could	  contribute	  10-­‐20	  cm-­‐3	  to	  the	  CCN	  in	  the	  tropics	  and	  as	  much	  as	  100	  cm-­‐3	  to	  the	  CCN	  in	  the	  “roaring	  forties”.	  	  The	  CNN	  “hot	  spot”	  off	  the	  South	  America	  is	  due	  to	  an	  error	  in	  the	  NCEP	  wind	  field	  as	  mentioned	  in	  Figure	  2.19	  and	  2.20.	  CCN	  follow	  the	  same	  seasonal	   pattern	   as	   the	   extra-­‐tropical	   number	   concentration	   being	   highest	   in	   summer	  when	  there	  are	   fewer	  rainfall	  events.	  Korhonen	  et	  al.	   (2008)	  simulates	  the	  CCN	  (radius	  >	  0.066	  µm)	  concentrations	  in	  the	  range	  from	  100	  to	  300	  cm-­‐3	  in	  January	  and	  less	  than	  100	  cm-­‐2	   in	   July	   in	   the	   “roaring	   forties”	  with	  Dimethylsulfide	   (DMS)	   emission	   turned	  off.	  Our	  prediction	  is	  lower	  with	  20~100	  cm-­‐3	  in	  December,	  January	  and	  February	  and	  10~100	  cm-­‐3	  in	  June,	  July,	  and	  August.	  This	  difference	  between	  the	  models	  could	  be	  partially	  due	  to	  the	  Mårtensson	   source	   function	   used	   in	   Korhonen	   et	   al.	   (2008)	   producing	   more	   ultrafine	  particles	   in	   the	   cold	   high	   latitudes.	   In	   addition,	   SO2	   ,	   which	   is	   included	   in	   the	   Korhonen	  model,	   could	   contribute	   to	   the	   formation	   of	   CCN	   in	   the	   pristine	   Southern	   Ocean	   even	  without	  DMS.	  Both	  models	  shows	  a	  similar	  spatial	  pattern	  in	  the	  Southern	  Ocean	  with	  the	  maximum	  concentration	  in	  the	  region	  near	  90	  oE	  in	  January	  and	  between	  45-­‐90	  oE	  in	  July	  with	  minimum	  in	  the	  south	  Pacific.	  The	  two	  models	  also	  have	  consistent	  seasonal	  variation	  in	  which	  the	  CCN	  number	  peaks	  in	  the	  summer	  when	  the	  precipitation	  is	  weaker.	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Figure	  2.22	  Modeled	  global	  distribution	  of	  marine	  boundary	  layer	  CCN	  at	  supersaturation	  of	   0.1%	   in	   the	   boreal	   winter	   (DJF,	   December,	   January,	   and	   February)	   and	   summer	   (JJA,	  June,	   July,	  and	  August)	  of	  2006.	  The	  model	  used	  the	  CMS	  source	  function	  and	  a	  solubility	  factor	  of	  0.5. 	  
2.4	  	  Summaries	  We	   develop	   an	   SSA	   model	   based	   on	   a	   coupled	   climate	   and	   microphysical	   model	  CAM/CARMA	   with	   detailed	   aerosol	   and	   dynamical	   processes.	   A	   combined	   CMS	   source	  function,	  inspired	  by	  Caffrey	  et	  al.	  (2006),	  that	  incorporates	  different	  source	  functions	  from	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the	   literature	   in	   various	   size	   ranges	   into	   one	   source	   function,	   has	   been	   compared	   with	  other	  traditional	  source	  functions.	  Mass,	  optical	  depth,	  and	  number	  concentration	  are	  well	  modeled.	   The	   advantages	   of	   the	   CMS	   source	   function	   in	   modeling	   mass,	   optical	   depth,	  number	   concentrations,	   as	   well	   as	   the	   size	   distribution	   are	   illustrated	   in	   Table	   2.3	   and	  Figure	  2.16.	  While	  the	  focus	  in	  the	  literature	  has	  generally	  been	  on	  source	  functions,	  we	  find	  that	  removal	  processes	  are	  equally	  important.	  We	  adjust	  the	  wet	  scavenging	  rate	  in	  our	  model	  so	  that	  the	  corresponding	  residence	  time	  is	  consistent	  with	  the	  AEROCOM	  estimation.	  We	   find	   that	  SSA	  mass	  and	  optical	  depth	  peak	   in	   the	  winter,	  when	  winds	  are	  highest.	  However,	  surprisingly,	  particle	  numbers	  and	  CCN	  concentrations	  peak	  in	  summer	  when	  rainfall	  is	  lowest.	  This	  difference	  in	  seasonal	  behavior	  is	  due	  to	  the	  fact	  that	  the	  particles	  controlling	  mass	  and	  optical	  depth	  have	  significant	  removal	  rates	  due	  to	   sedimentation,	   while	   the	   small	   particles	   that	   control	   number	   are	   lost	   by	   rainout	   and	  washout.	  	  Although	   data,	   which	   are	   now	   becoming	   old,	   exist	   for	   sea	   salt	   mass,	   there	   are	  relatively	  few	  datasets	  for	  optical	  depth	  and	  number	  concentration	  that	  are	  specific	  to	  sea-­‐salt.	  One	  way	  to	  isolate	  sea-­‐salt	   is	  through	  wind	  speed	  relationships.	  However,	  data	  seem	  particularly	   lacking	   for	   SSA	   less	   than	   0.1	   μm	   and	   for	   larger	   spume	   droplets.	   Based	   on	  available	  measurements,	   the	  model	   reproduces	   the	   wind-­‐dependence	   of	   the	   SSA	   optical	  depth	   measured	   by	   Mulcahy	   et	   al.	   (2008)	   in	   Ireland,	   though	   we	   also	   notice	   that	   the	  modeled	  dependence	  varied	  slightly	  among	  different	  oceans.	  The	  “roaring	  forties”	  tends	  to	  have	   larger	   optical	   depth	   at	   higher	   wind	   speed	   in	   the	   model	   than	   suggested	   from	   the	  Mulcahy	  formulation.	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We	  find	  good	  agreement	  between	  the	  model	  and	  the	  wind	  speed	  dependence	  of	  the	  number	   concentration	   found	  at	   one	  measurement	   location.	  The	  wind	  dependence	   is	   also	  well	   reproduced	   by	   the	  model	   on	   a	   regional	   scale	  when	   compared	   to	  multiple	   datasets.	  However,	  the	  model	  over	  predicts	  the	  zero	  wind	  speed	  number	  concentrations.	  We	  did	  not	  model	  the	  same	  years	  when	  the	  data	  were	  obtained,	  so	  this	  difference	  in	  zero	  wind	  speed	  concentrations	  may	   reflect	   different	   rainfall	   amounts	  between	   the	  modeled	   year	   and	   the	  observed	  year.	  The	  fraction	  of	  particles	  smaller	  than	  0.05	  μm	  modeled	  by	  the	  CMS	  source	  function	  agrees	  well	  with	  measurements.	  The	  model	  estimates	  a	  CCN	  concentration	   from	  sea-­‐salt	  of	  about	  10–20	  cm−3	  in	  the	  tropics	  and	  as	  high	  as	  100	  cm−3	  in	  the	  “roaring	  forties”.	  The	  modeled	   SSA	   particle	   size	   distribution	   agrees	  well	  with	   the	   AERONET	   coarse-­‐mode	  area	  size	  distribution.	  We	  do	  not	  think	  AERONET	  size	  distribution	  inversion	  products	  are	  suitable	  for	  sea-­‐salt	  volume.	  Obviously	   sea-­‐salt	   is	   not	   an	   isolated	   aerosol	   species	   in	   the	   marine	   environment.	  Sulfate	   and	   organic	   aerosols	   as	   well	   as	   their	   gaseous	   precursors	   co-­‐exist	   in	   the	   marine	  environment.	  The	  large	  surface	  area	  of	  sea-­‐salt	  as	  well	  as	  its	  large	  pH	  value	  facilitates	  the	  condensation	  of	  precursor	  gases,	  such	  as	  SO2,	  and	  their	  subsequent	  oxidation.	  Coagulation	  of	  sulfate	  aerosols	  with	  sea-­‐salt	  aerosol	  will	  change	  the	  marine	  CN	  spectrum,	  which	  in	  turn	  influences	   the	  CCN	  activation	  and	  removal	  processes.	  We	  are	  aware	   that	   the	   interactions	  between	   sea-­‐salt	   and	   other	  marine	   aerosol	   species	   influence	   the	   emission,	   removal,	   and	  optical	  properties	  of	  the	  sea-­‐salt	  aerosols.	  These	  interactions	  are	  not	  currently	  included	  in	  our	  simulation.	  Although	  we	  have	  been	  making	  effort	  to	  utilize	  datasets	  that	  are	  limited	  to	  sea-­‐salt	   aerosol,	   the	   role	   of	   other	   species	   can	   influence	   some	   of	   our	   conclusions.	   For	  example,	   condensational	   growth	  of	   sea-­‐salt	  by	  SO2	  and	  organic	  vapor	   from	  marine	  biota	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can	   accelerate	   the	   dry	   deposition	   process.	   Therefore	   the	   model	   could	   overestimate	   the	  mass	  concentration	  and	  optical	  depth	  to	  some	  extent.	  There	  are	  issues	  in	  addition	  to	  including	  other	  types	  of	  aerosols	  that	  also	  need	  to	  be	  considered	  further	  in	  future	  modeling.	  Tuning	  of	  the	  wet	  deposition	  in	  the	  model	  will	  still	  be	   necessary	   for	   future	   sulfate-­‐containing	   simulations.	   The	   solubility	   factor	   should	   be	  evaluated	   again	   for	  mixed	   sea-­‐salt-­‐sulfate	   aerosol.	   The	   constant	   term	   in	   the	  wind-­‐speed	  dependence	  of	  optical	  depth	  could	  be	  much	  closer	  to	  0.06	  as	  in	  Mulcahy	  et	  al.	  (2008)	  when	  sulfate	  aerosol	  is	  incorporated.	  We	  need	  more	  extensive	  data	  bases	  on	  marine	  sea-­‐salt	  and	  other	  marine	   aerosols	   to	   further	   constrain	  models.	   Our	   conclusions	   are	   restricted	   to	   the	  dataset	   we	   used.	   More	   size	   and	   chemical-­‐resolved	   data	   will	   be	   especially	   useful	   in	  understanding	  sea-­‐salt	  and	  other	  marine	  aerosol	  species.	  This	  work	  is	  the	  basis	  for	  future	  studies	   we	   plan	   of	   marine	   aerosol	   direct	   and	   indirect	   effects	   using	   the	   coupled	  CAM/CARMA	  model.	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Chapter	  3.	  	  Numerical	  modeling	  of	  sulfate	  aerosol	  and	  its	  contribution	  to	  marine	  CCN	  
3.1	  Introduction	  The	  origin	  of	   the	  cloud	  condensation	  nuclei	   (CCN)	  over	   the	  ocean	  has	  been	  studied	  for	   decades.	   The	  CLAW	  hypothesis,	   named	   after	   the	   initials	   of	   the	   authors,	   suggests	   that	  dimethylsulfide	  (DMS)	  derived	  sulfate	  aerosol	  is	  the	  major	  CCN	  contributor	  (Charlson	  et	  al.,	  1987).	  A	  negative	   feedback	   is	   formed	  when	  enhanced	  DMS	  emission	   from	  phytoplankton	  blooming	  in	  a	  warmer	  climate	  provides	  more	  CCN	  and	  higher	  cloud	  albedo,	  which	  in	  turn	  cools	  the	  atmosphere.	  Observations	  supporting	  the	  CLAW	  theory	  show	  that	  DMS	  and	  CCN	  concentration	  have	  similar	  seasonal	  variation	  at	  Cape	  Grim,	  Tasmania(41	  oS)	  and	  over	  the	  Pacific	  Ocean	  (Ayers	  and	  Gras,	  1991;	  Bates	  et	  al.,	  1987).	  The	  CLAW	  theory	  assumes	  that	  sea	  salt	  aerosols	  (SSA)	  do	  not	  contribute	  significant	  numbers	  of	  CCN	  based	  on	  measured	  SSA	  number	  concentration	  of	  less	  than	  1	  cm-­‐3	  at	  cloud	  level	  (Hobbs,	  1971).	  This	  argument	  has	  been	   challenged	   since	   its	   initial	   statement	   (Blanchard	   and	   Cipriano,	   1987,	   ODowd	   and	  Smith,	   1993).	   Recent	   measurements	   demonstrate	   the	   production	   of	   large	   numbers	   of	  ultrafine	   SSA	   particles	   (radius	   <	   0.1	   µm)	   by	   bubble	   bursting	   (Mårtensson	   et	   al.,	   2003;	  Clarke	   et	   al.,	   2006).	  These	   tiny	   SSA	  particles	  have	   comparable	   size	   to	   sulfate	   aerosols	   so	  they	  have	  a	  similar	  lifetime	  in	  the	  marine	  boundary	  layer	  (MBL).	  Model	  simulations	  show	  that	   the	  ultrafine	  SSA	  contributes	  significantly	   to	   the	  CCN	  concentration	  with	  numbers	   in	  the	  range	  of	  50	  cm-­‐3	  in	  the	  MBL	  as	  shown	  in	  Figure	  2.22	  (Pierce	  and	  Adams,	  2006;	  Fan	  and	  Toon,	  2010).	  	  While	  some	  sulfate	  aerosols	  form	  homogeneously	  in	  the	  MBL,	  much	  sulfate	  formation	  occurs	  within	  SSA	  due	  to	  the	  pH	  buffering	  effect	  of	  sea	  salt	  aerosol,	  which	  promotes	  sulfur	  dioxide	   oxidation	   in	   liquid	   droplets	   (Smith,	   2007).	   It	   is	   observed	   that	   a	   considerable	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fraction	  of	  non-­‐sea-­‐salt	  (NSS)	  sulfate	  is	   internally	  mixed	  on	  sea	  salt	  particles	  (Bates	  et	  al.,	  1992;	  Smith	  and	  O’Dowd,	  1993).	  The	  modeling	  work	  of	  Cainey	  and	  Harvey	  (2002)	  shows	  that	  the	  new	  particle	  formation	  in	  the	  MBL	  is	  inhibited	  due	  to	  the	  consumption	  of	  SO2	  gas	  on	  the	  surface	  of	  preexisting	  particles,	  such	  as	  sea	  salt.	  Pirjola	  et	  al.	  (2000)	  and	  Sievering	  et	  al.	  (1992)	  argue	  that	  the	  high	  pH	  of	  unactivated	  SSA	  aerosol	  droplets	  in	  marine	  boundary	  layer	   favors	   the	   oxidation	   of	   SO2	   at	   a	   substantial	   rate.	   5-­‐25%	   of	   the	   sulfur	   conversion	  occurs	   on	   SSA	   predominately	   in	   the	   radius	   range	   1-­‐5	   µm	   through	   this	   mechanism.	   The	  modeling	  work	  by	  Pandis	  et	  al.	  (1994)	  and	  Russell	  et	  al.	  (1994)	  shows	  that	  the	  DMS-­‐CCN	  relationship	  is	  nonlinear	  due	  to	  the	  preexisting	  SSA	  when	  DMS	  emission	  is	  low.	  The	  rapid	  removal	  of	  SSA	  particles	  in	  this	  size	  range	  provides	  a	  sink	  to	  the	  sulfur	  compounds.	  	  The	  modeling	  work	  by	  Katoshevski	  et	  al.	  (1999)	  shows	  that	  the	  aerosol	  concentration	  is	   very	   sensitive	   to	   the	   concentration	   of	   SSA	   and	   to	   entrainment	   of	   free	   tropospheric	  aerosols.	  Yoon	  and	  Brimblecombe	  (2002)	  illustrate	  in	  their	  model	  study	  that	  SSA	  directly	  provides	   up	   to	   70%	   of	   the	   marine	   CCN.	   The	   key	   parameter	   in	   determining	   the	   relative	  importance	   of	   SSA	   and	   DMS	   to	   marine	   CCN	   may	   be	   the	   wind	   speed	   and	   the	   mass	  accommodation	  coefficient	  of	  H2SO4	  gas	  condensing	  onto	  the	  aerosol.	  In	  contrast,	  the	  CCN	  is	   not	   sensitive	   to	   the	   uncertainty	   of	   nucleation	   rate,	   because	   coagulation	   of	   newly	  nucleated	  particles	  is	  rapid	  so	  they	  lose	  their	  history	  of	  formation	  rate.	  However,	  the	  model	  by	   Yoon	   and	   Brimblecombe	   (2002)	   does	   not	   include	   SO2	   heterogeneous	   oxidation	   on	  preexisting	  aerosols.	   	  This	  could	  be	  an	   important	  CCN	  generation	  mechanism	  by	  growing	  smaller	   SSA	   into	   the	   CCN	   size	   range.	   Yoon	   and	   Brimblecombe	   (2002)	   does	   not	   include	  anthopogenic	   sulfuric	   acid	   gas	   in	   their	   model.	   Thomas	   et	   al.	   (2010)	   included	   the	  heterogeneous	  oxidation	  of	  SO2	  on	  sea	  salt	  and	  mineral	  dust.	  They	  argued	  that	  SSA	  have	  a	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minor	   influence	   on	   CCN	   activation	   over	   the	   Southern	   Ocean	   since	   their	   modeled	   CCN	  seasonality	  can	  only	  be	  explained	  by	  the	  seasonal	  variation	  of	  DMS.	  As	  they	  pointed	  out	  in	  their	   paper,	   the	   contribution	   of	   ultrafine	   SSA	   as	   CCN	   is	   not	   included	   in	   their	   research.	  Korhonen	  et	  al.	  (2008)	  suggested	  that	  the	  main	  pathway	  of	  DMS	  influence	  on	  CCN	  number	  is	   nucleation	   of	   DMS	   derived	   H2SO4	   in	   the	   free	   troposphere	   and	   subsequent	   growth	   by	  condensation	   and	   coagulation.	   The	   growth	   of	   ultrafine	   sea	   spray	   to	   CCN	   size	   due	   to	  condensation	  of	  DMS-­‐derived	  H2SO4	  in	  the	  MBL	  affects	  the	  CCN	  concentration	  by	  less	  than	  6%.	   	  However,	   the	  DMS	  emission	  decreases	  the	  CCN	  number	  concentration	   in	  the	  austral	  winter,	   which	   they	   called	   an	   “inverse-­‐CLAW”	   effect	   in	   the	  model.	   This	   effect	   disappears	  without	  ultrafine	  SSA	  (Woodhouse	  et	  al.,	  2010),	  which	  could	   indicate	  the	  effect	  of	  SSA	  on	  CCN	  when	  DMS	  emission	  is	  low.	  	  	  
3.2	  Model	  Description	  
3.2.1	  The	  CAM/CARMA	  Model	  In	   this	   research,	  we	  used	   the	  NCAR	  global	   atmosphere	  model	   CAM5.0	   (Community	  Atmosphere	  Model,	  version	  5.0),	  which	  is	  coupled	  with	  the	  sectional	  aerosol	  microphysics	  model	   CARMA	   (Community	   Aerosol	   and	   Radiation	  Model,	   Toon	   et	   al,	   1988).	   CARMA	   3.0	  replaces	  the	  old	  Fortran	  77	  code	  in	  version	  2.3	  with	  Fortran	  90	  code	  which	  is	  now	  thread	  safe	  for	  the	  open	  multi-­‐processing	  interface.	  The	  previous	  version	  of	  CAM	  3.0	  /	  CARMA	  2.3	  has	  been	  used	   to	   study	   sea	   salt	   (Chapter	  2),	   dust,	   upper-­‐troposphere-­‐lower-­‐stratosphere	  sulfate	   aerosols,	   micrometeorites	   and	   noctilucent	   clouds	   (Fan	   and	   Toon,	   2011;	   Su	   and	  Toon,	   2010;	   Su	   and	   Toon	   2011;	   English	   et	   al.,	   2011;	   English	   et	   al.,	   2012;	   Bardeen	   et	   al.,	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2008,	  Bardeen	  et	  al.	  2011).	  CARMA	  is	  integrated	  in	  CAM	  as	  a	  column	  model,	  which	  means	  CARMA	   computes	   the	   aerosol	   microphysics	   for	   each	   column	   of	   atmosphere.	   CARMA	   is	  responsible	   for	   aerosol	   vertical	   transport,	   dry	   deposition,	   wet	   deposition,	   nucleation,	  coagulation,	   condensational	   growth	   and	   evaporation,	   while	   CAM	   handles	   the	   horizontal	  and	  vertical	  advection	  by	  winds,	  eddy	  diffusion,	  cloud	  dynamics,	  chemistry,	  and	  radiation.	  	  CARMA	   aerosols	   are	   defined	   by	   groups,	   elements,	   and	   bins.	   It	   is	   assumed	   that	  elements	   inside	   each	   group	   are	   internally	   mixed	   while	   different	   groups	   are	   externally	  mixed.	  The	  definition	  for	  our	  marine	  aerosol	  model	   is	   illustrated	  in	  Table	  3.1.	   In	  order	  to	  track	  sulfate	  aerosol	  from	  different	  origins,	  we	  defined	  two	  groups.	  The	  first	  group	  consists	  of	  sulfate	  aerosols	  formed	  by	  nucleation	  from	  gas	  phase	  sulfuric	  acid	  (group	  “SULF”).	  The	  wet	   radius	   and	   density	   for	   group	   “SULF”	   are	   calculated	   based	   on	   sulfuric	   acid	   weight	  percent	  under	  ambient	   relative	  humidity	   (Tabazadeh	  et	   al.,	   1997).	  We	  assume	   that	  upon	  formation	  by	  nucleation	  the	  pure	  sulfuric	  acid	  particles	  are	  immediately	  neutralized	  so	  that	  the	  vapor	  pressure	  of	  sulfuric	  acid	  is	  zero	  and	  thus	  sulfuric	  acid	  is	  not	  allowed	  to	  evaporate.	  In	  this	  model	  we	  do	  not	  track	  the	  chemical	  species	  that	  neutralize	  the	  sulfate.	  The	  second	  group	   (group	   “MIXSUL”)	   consists	   of	   sulfate	   and	   sea	   salt	   internally	   mixed	   aerosol.	   	   The	  number	   of	   internally	  mixed	   particles	   is	   controlled	   by	   direct	   emission	   from	   the	   ocean	   or	  land,	  or	  from	  evaporating	  clouds.	  	  The	  first	  element	  in	  the	  mixed	  aerosols	  is	  sulfate	  aerosol	  whose	  mass	   originates	   from	   direct	   emission	   as	   sea	   spray	   or	   gas-­‐phase	   conversion	   from	  sulfur	  gases	  on	  SSA	  or	  in	  clouds.	  Other	  sulfate	  originates	  from	  cloud	  and	  rain	  evaporation.	  Sulfate	  aerosols	  are	  formed	  as	  NH4HSO4	  inside	  the	  cloud	  droplets	  through	  aqueous-­‐phase	  chemistry,	  but	  we	  convert	   the	  mass	   to	  H2SO4	   to	  be	  consistent	  with	   the	  group	   ‘SULF’.	  The	  second	   element	   represents	   the	   sea	   salt	   aerosol.	   The	   particle	   wet	   radius	   and	   density	   for	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group	  “MIXSUL”	  are	  calculated	  by	  Fitzgerald’s	  scheme	  for	  (NH4)2SO4	  assuming	  equilibrium	  with	   ambient	   water	   vapor(Fitzgerald	   et	   al.,	   1975),	   since	   the	   scheme	   does	   not	   have	   the	  parameters	  for	  NH4HSO4.	  Aerosol	  water	  is	  not	  tracked	  in	  our	  model.	  	  
Table	  3.1	  	  	  Group,	  element,	  and	  bin	  of	  the	  CARMA	  marine	  aerosol	  model	  
Group Aerosol species Size range Element 
1 “SULF” Sulfate (H2SO4) 0.2nm~4µm 1 Sulfate from nucleation  
2 “MIXSUL” Sulfate(NH4HSO4) 
Sea salt (NaCl)  
10nm~15µm 1 Sulfate from sources 
other than nucleation 
2 Sea salt  	  We	  define	  20	  mass	  bins	   in	  each	  group.	   	  Assuming	  the	  density	   is	  constant,	   these	  are	  equivalent	  to	  radius	  bins	  logarithmically	  increasing	  from	  0.2	  nm	  to	  4	  µm	  for	  group	  “SULF”	  and	   10nm	   to	   15	   µm	   for	   group	   “MIXSUL”.	   The	   sectional	   (bin)	   model	   keeps	   track	   of	   the	  number	   of	   particles	   in	   each	  mass	   bin	   and	   the	   fraction	   of	   the	   total	   mass	   contributed	   by	  element.	  	  Those	   aerosol	   particles	   associated	   with	   cloud	   droplets	   by	   activation	   or	   aqueous-­‐phase	  chemistry	  are	  called	  “cloud-­‐borne	  aerosols”.	  	  Those	  aerosols	  that	  remain	  unactivated	  or	  in	  clear	  air	  are	  called	  “interstitial	  aerosols”.	  We	  use	  the	  cloud	  fraction	  in	  a	  cloud	  cell,	  so	  that	  the	  fraction	  of	  aerosol	  that	  activate	  does	  not	  exceed	  the	  cloud	  fraction.	  	  We	  assign	  each	  bin	  of	  each	  element	  a	  corresponding	  cloud-­‐borne	  aerosol	  bin.	  The	  cloud-­‐borne	  aerosol	  size	  bins	  are	  denoted	  by	  the	  same	  radius	  as	  the	  interstitial	  size	  bins.	  Cloud-­‐borne	  aerosols	  are	  not	   transported	   with	   the	   air	   mass	   in	   CAM5.	   Ghan	   and	   Easter	   (2006)	   found	   that	   not	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transporting	   their	   modal	   aerosols	   introduced	   little	   error.	   	   We	   do	   remember	   the	   cloud	  borne	  aerosols	  between	  time	  steps,	  so	  that	  mass	  is	  conserved.	  	  	  	  	   	  Katoshevski	  et	  al.,	   (1999)	  suggested	  10	  processes	  that	  are	  essential	  to	  construct	  a	  MBL	  aerosol	  model.	  They	  are:	  (1)	  surface	  emission	  of	  DMS;	  (2)	  gas-­‐phase	  oxidation	  of	  DMS	  to	  SO2;	   	   (3)	  gas-­‐phase	  oxidation	  of	  SO2 to	  H2SO4;	  (4)	  mass	  transfer	  of	  SO2 and	  H2SO4	  to	  cloud	   droplets;	   (5)	   aqueous-­‐phase	   oxidation	   of	   SO2	   in	   cloud	   droplets;	   (6)	   homogenous	  nucleation	  of	  H2SO4/H2O;	  (7)	  wet/dry	  deposition;	  (8)	  aerosol	  activation	  and	  release	  from	  evaporating	   droplets;	   (9)	   sea-­‐salt	   and	   sulfate	   production	   at	   sea	   surface;	   and,	   (10)	  entrainment	  of	   free-­‐tropospheric	  aerosols.	  We	  have	   included	  them	  in	  our	  sea	  salt/sulfate	  model.	   Figure	   3.1.	   illustrates	   the	   aerosol	   dynamics	   and	   chemical	   processes	   presented	   in	  this	  model.	  	  	  
 
Figure	  3.1	  	  Sulfate	  cycle	  in	  MBL	  represented	  in	  this	  model.	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The	  model	  is	  run	  in	  1.9o	  latitude	  by	  2.5o	  longitude	  resolution.	  The	  model	  is	  run	  in	  an	  on-­‐line	  mode	  with	  a	  cold	  start	  using	  aerosol	  precursor	  gases	  and	  primary	  sulfate	  aerosol	  emission	  dataset	  in	  2000.	  The	  model	  is	  run	  for	  1	  year	  and	  output	  as	  monthly	  averages.	  	  	  
3.2.2	  Emissions	  3.2.2.1	  DMS	  	  DMS	  surface	  emissions	  are	  based	  on	  monthly	  datasets	  for	  the	  year	  2000	  prepared	  for	  the	   Aerosol	   InterComparison	   project	   (AeroCom,	   Dentener	   et	   al.,	   2006).	   Monthly	   oceanic	  DMS	  emissions	  are	  obtained	  by	  averaging	  simulations	  of	  emissions	  every	  six	  hours	  with	  the	  Laboratoire	   deM´et´eorologie	   Dynamique	   general	   circulation	   model	   developed	   by	  Laboratoire	   d'Optique	   Atmosphérique	   (LMD	   GCM	   –LOA)	   (Boucher	   et	   al.,	   2003).	   The	  emission	  rates	  are	  derived	  by	  applying	  the	  air-­‐sea	  transfer	  velocities	  (Nightingale,	  2000)	  to	  a	   climatology	   based	   on	   DMS	   measurements	   in	   the	   ocean	   surface	   (Kettle	   and	   Andreae,	  2000).	  DMS	  emissions	  of	  biogenic	  origin	  over	  the	  continents	  are	  generally	  are	  much	  lower	  (Pham	   et	   al.,	   1995).	   To	   exclude	   unrealistic	   high	   contributions	   over	   coastal	   land	   regions	  (gridboxes	  with	  more	  than	  5%	  land	  fraction),	  values	  of	  the	  nearest	  completely	  continental	  pixel	  were	  adopted.	  	  3.2.2.2	  SO2	  SO2	  emissions	  are	  based	  on	  the	  IPCC	  AR5	  monthly	  averaged	  emission	   inventory	  for	  the	  year	  2000	  (Lamarque	  et	  al.,	  2010)	  and	  repeat	  annually.	  The	  inventory	  is	  a	  combination	  of	  regional	  and	  global	  emission	  datasets.	  Published	  or	  reviewed	  regional	  datasets	  are	  given	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preference	  over	  global	  inventories.	  The	  inventories	  for	  SO2	  include	  datasets	  by	  Smith	  et	  al.	  (2010)	  for	  Asia,	  Latin	  America,	  and	  South	  America,	  Environmental	  Protection	  Agency	  (EPA)	  for	  North	  America,	   United	  Nations	   Framework	  Convention	   on	   Climate	   Change	   (UNFCCC)	  for	  Europe,	  Japan,	  Australia,	  and	  New	  Zealand,	  and	  Environment	  Canada	  for	  Canada.	  There	  are	  two	  categories	  of	  emissions,	  those	  from	  the	  surface	  and	  those	  from	  elevated	  emissions.	  SO2	   surface	   emission	   sectors	   include	   agricultural	   waste	   burning,	   domestic	   emission,	  transportation	   emission,	   waste	   treatment,	   and	   ship	   emissions.	   SO2	   elevated	   emission	  sectors	   include	   energy,	   industry,	   forest	   fire,	   grass	   fire,	   and	   volcanic	   emissions.	   Vertical	  profiles	  for	  forest	  fire	  and	  grassfire	  are	  based	  on	  Global	  Fire	  Emission	  Database	  (GFED,	  van	  der	  Werf	  et	  al.,	  2006)	  prepared	  for	  AeroCom.	  Vertical	  profiles	  for	  energy	  and	  industry	  use	  AeroCom	   100-­‐300	   m	   emission	   heights.	   Continuous	   volcanic	   emissions	   are	   taken	   from	  AeroCom	   emissions	   (Dentener	   et	   al.,	   2006).	   No	   episodic	   eruptions	   are	   included.	   In	   the	  model,	   2.5%	   of	   the	   SO2	   surface	   and	   elevated	   emission	   is	   assumed	   to	   be	   primary	   sulfate	  formed	   via	   fast	   gas-­‐to-­‐aerosol	   conversion	   upon	   emission.	   The	   primary	   sulfate	   emissions	  are	   added	   to	   group	   “SULF”.	   The	   datasets	   include	   an	   Aitken-­‐mode	   and	   an	   accumulation	  mode	   emission	   fluxes.	   We	   assigned	   lognormal	   distributions	   to	   the	   Aitken-­‐	   and	  accumulation	  mode	  emission	  with	  geometric	  radius	  of	  0.05	  µm	  and	  0.52	  µm,	  respectively,	  and	  a	  standard	  deviation	  of	  2.	  	  	  3.2.2.3	  Oxidants	  The	   oxidants	   OH,	   O3,	   NO3,	   and	  HO2	   are	   prescribed.	   	   Their	   temporal	   dependence	   is	  determined	  by	  interpolation	  of	  monthly	  averages	  taken	  from	  CAM-­‐chem	  simulations	  using	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IPCC	   AR5	   emission	   datasets	   for	   the	   year	   2000	   (Lamarque	   et	   al.,	   2010,	   CAM5	   scientific	  description).	  H2O2	  is	  predicted	  in	  the	  model	  following	  Barth	  et	  al.	  (2000).	  	  	  3.2.2.4	  Sea	  Salt	  and	  Sea-­‐salt	  Sulfate	  The	   sea	   salt	   aerosol	   emission	   flux	   follows	   the	  CMS	   (Clarke-­‐Monahan-­‐Smith)	   source	  function	  described	  in	  Section	  2.1	  and	  Fan	  and	  Toon	  (2010).	  Simulations	  using	  this	  source	  function	   were	   found	   to	   simultaneously	   represent	   the	   mass,	   optical	   depth,	   and	   number	  concentration	  of	  sea	  salt	  aerosols	  reasonably	  well.	  We	  include	  the	  ultrafine	  sea	  salt	  aerosol	  so	  that	  the	  direct	  contribution	  of	  sea	  salt	  to	  the	  CCN	  number	  concentration	  is	  included.	  The	  formula	  for	  the	  NaCl	  mass	  emission	  rate	  is	  as	  follows:	  For	  r=	  0.01-­‐0.8	  µm	  	  	  	  	  	  
	  	  	  (3.1)	  for	  r	  =	  0.8-­‐15	  µm	  
	   	  	  	  	  	  	  (3.2)	  	  	  Where	  	  
	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.3)
	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.4)	  
dF dr( )CMS = !0i +!1iD+!2iD
2 +!3iD3 +!4iD4 +!5iD5( )
i=1
3
! "Wcap u10( ) " r ln10
dF dr( )caffrey =
u10 < 9ms!1,   dF dr( )Monahan                              






dF dr( ) Monahan=1.373u103.41r!3 1+ 0.057r1.05( )"101.19e
!B2
B = 0.38! logr( ) 0.65
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  (3.5)	   	   	   	   	   	   	  	  	  	  	  (3.6),	   	  	  	   	   	   	   	  	  	  	  	  (3.7)	  
D	  is	  the	  dry	  diameter	  of	  the	  sea-­‐salt	  particles.	  See	  Table	  1	  in	  Clarke	  et	  al.	  (2006)	  for	  β	  coefficients.	  The	   	  factor	  converts	  dF/dlogr	   to	  dF/dr.	  Here	  we	  directly	  adopt	  Clarke’s	  function	   below	  0.8	  µm	  and	  take	  the	  larger	  of	  the	  Monahan	   	  and	  
the	  Smith	  function	   	  above	  0.8	  µm	  when	  wind	  speed	  exceeds	  9	  m	  s-­‐1	  (Clarke	  et	  al.,	  2006;	  Monahan	  et	  al.,	  1986;	  Smith	  et	  al.,	  1993).	  	  It	   is	   observed	   that	   sea	   salt	   droplets	   always	   contain	   sulfate.	   Sulfate	   ion	   (SO42-­‐)	   and	  sodium	   ion	   (Na+)	   on	   average	   account	   for	   0.27%	   and	   1.08%	   of	   the	   mass	   of	   seawater,	  respectively	  (Table	  6	  in	  Lewis	  and	  Schwartz,	  2004).	  We	  assume	  that	  sea	  salt	  droplets	  have	  the	   same	   chemical	   composition	   as	   seawater.	   	   We	   also	   assume	   the	   sea-­‐salt	   sulfate	   is	  neutralized	  by	  NH3	  to	  form	  NH4HSO4.	  We	  further	  assume	  that	  the	  only	  compounds	  in	  sea	  salt	  are	  sodium	  chloride	  and	  sulfate.	  With	  the	  above	  assumptions,	  we	  infer	  that	  10.53%	  of	  the	  sea	  salt	  mass	  is	  sulfate.	  This	  fraction	  is	  consistent	  with	  the	  in-­‐situ	  observations	  by	  the	  University	  of	  Miami,	  which	   shows	  a	   typical	   value	  of	  10%-­‐15%	  at	   a	   various	  of	   island	  and	  coastal	   locations	   (Savoie	   and	   Prospero,	   1997,	   SP	   data	   hereafter).	   Therefore,	  we	   add	   this	  amount	  of	  mass	  to	  the	  group	  of	  “MIXSUL”	  to	  represent	  the	  direct	  emission	  of	  sulfate	  as	  sea	  spray	  from	  the	  ocean.	  	  	  





f1 = 3.1,   f2 = 3.3,   r1 = 2.1 µm,  r2 = 9.2 µm,
log A1( ) = 0.0676u14 + 2.43 log A2( ) = 0.959u14 !1.476
! 
r ln10
dF dr( )Clarke dF dr( )Monahan
dF dr( )Smith
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3.2.3	  Chemistry	  We	  used	  the	  simple	  sulfate	  chemistry	  treatment	  with	  reaction	  rates	  from	  Barth	  et	  al.	  (2000),	  as	  described	  by	  Liu	  et	  al.	  (2011).	  This	  treatment	  is	  designated	  for	  chemistry	  in	  the	  troposphere.	   	  The	  reactions	  and	  their	  rates	  are	  listed	  in	  Table	  3.2.	  Oxidant	  concentrations	  (O3,	   OH,	   HO2,	   and	   NO3)	   are	   interpolated	   from	   monthly	   averages	   taken	   from	   CAM-­‐chem	  simulations	  (Lamarque	  et	  al.,	  2010)	  
Table	  3.2	  Sulfate	  chemical	  reactions	  and	  reaction	  rate	  parameters	  
Photolysis 
H2O2 + hv -> 2OH Lookup table based on 4-stream calculations from TUV 
Gas phase reactions 
HO2 + HO2 ->  H2O2 + O2 
 
H2O2 + OH ->  H2O + HO2  
SO2 + OH ->  SO4 
, 
 
DMS + OH ->  .5SO2 + .5HO2 
 
DMS + OH ->  SO2  
DMS + NO3 ->  SO2 + HNO3  
Aqueous phase reactions 
SO2 + H2O2 -> SO4 + 2H+ 
Electroneutrality equation and Henry’s Law 
 (Tie et al., 2001) SO2 + O3 -> SO4 + 2H+ + O2 [M]	  and	  [H2O]	  are	  density	  of	  air	  and	  water	  vapor	  in	  units	  of	  cm-­‐3.	  	  T	  is	  temperature.	  	  
3.5!10"13 exp 430 T( )+1.7!10"33 M[ ]exp 1000 T( )( ) #
1+1.4e"21 H2O[ ]exp 2200 T( )( )
2.9!10"12 exp "160 T( )
fc M[ ]












fc = 3!10"31 300 T( )3.3
1.7!10"42 exp 7810 T( ) M[ ] #0.21
1+ 5.5!10"31 exp 7460 T( ) M[ ] #0.21
9.6!10"12 exp "234 T( )
1.9!10"13 exp 520 T( )
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3.2.3.1	  Gas-­‐Phase	  Reactions	  and	  Photolysis	  There	   are	   seven	   gas-­‐phase	   and	   photolysis	   reactions	   in	   the	   chemistry	   treatment	  (Table	  3.2),	  including	  DMS	  oxidation	  by	  OH	  radical	  in	  the	  daytime	  and	  NO3	  at	  the	  nighttime	  to	  form	  SO2,	  SO2	  oxidation	  by	  OH	  radical	  to	  form	  H2SO4	  gas,	  H2O2	  production	  through	  HO2	  reactions	  and	  loss	  by	  photolysis	  and	  reaction	  with	  OH.	  	  	  3.2.3.2	  Aqueous	  Phase	  Reactions	  in	  Cloud	  Droplets	  SO2	  oxidation	  by	  H2O2	  and	  O3	   is	  based	  on	  the	  MOZART	  treatment	  (Tie	  et	  al.,	  2001).	  The	   partitioning	   of	   gas	   in	   the	   cloud	   droplets	   is	   calculated	   from	   the	   electro-­‐neutrality	  equation	   between	   the	   bulk	   cloud-­‐borne	   SO4	   and	   NH4	   ion	   concentrations,	   and	   ion	  concentrations	   from	  the	  dissolution	  and	  dissociation	  of	   trace	  gases	  based	  on	  Henry’s	   law	  equilibrium.	   Since	   the	  model	   does	   not	   track	   ammonium	  mass,	   NH4	   ion	   concentration	   is	  assumed	  to	  be	  equal	  to	  SO4	  ion	  concentration	  from	  previous	  time	  step.	  Sulfate	  aerosols	  in	  cloud	   droplets	   are	   assumed	   to	   have	   the	   chemical	   composition	   of	   NH4HSO4	   assuming	  immediate	  neutralization	  by	  ammonium.	  CO2	  concentration	  is	  assumed	  to	  be	  330	  ppm.	  The	  H2SO4	  and	  SO2	  gas	  uptake	  to	  cloud	  water	  is	  also	  considered	  using	  a	  first-­‐order	  uptake	  rate	  (Seinfeld	  and	  Pandis,	  1998):	  	  	   	   	   	   	   	   	   	   	   	  	  	  	  (3.8)	  where	  Rdrop	  and	  Ndrop	  is	  the	  cloud	  droplet	  radius	  and	  number	  concentration.	  D	  is	  the	  H2SO4	   gas	   diffusivity.	   Cfs	   is	   the	   Fuchs-­‐Sutugin	   correction.	   CAM5	   predicts	   the	   number	   of	  cloud	  droplets.	  The	  mixing	  ratio	  of	  the	  produced	  cloud-­‐borne	  aerosol	  is	  averaged	  over	  the	  cloud	  fraction.	  The	  calculation	  requires	  knowledge	  of	  cloud	  liquid	  water	  content	  to	  convert	  mixing	   ratio	   relative	   to	   the	   droplet	   solution	   to	   that	   in	   the	   air.	   We	   do	   not	   track	   the	  
R = 4!RdropDCfs
 84	  	  
ammonium	  mixing	  ratio.	  Instead,	  we	  adjust	  the	  mass	  of	  the	  sulfate	  species	  to	  that	  of	  H2SO4	  to	  be	  consistent	  with	  group	  ‘SULF’.	  The	  total	  sulfate	  mass	  is	  partitioned	  to	  each	  bin	  of	  the	  two	   types	   of	   sulfate	   elements	   according	   to	   the	   cloud-­‐borne	   mass	   fractions	   before	   the	  aqueous-­‐phase	  oxidation	  occurs.	  We	  now	  partition	  the	  mass	  according	  to	  the	  mass	  of	  each	  bin	   from	   previous	   time	   step,	   which	   is	   problematic	   since	   this	   will	   increase	   the	   particle	  number.	   	  As	  we	  will	  discuss	   later,	   it	  could	  result	   in	  over-­‐estimation	  of	   the	  small	  particles	  number	   concentration.	   A	  more	   reasonable	  way	   is	   to	   partition	   the	  mass	   according	   to	   the	  number	  of	  each	  bin	  assuming	  that	  the	  growth	  rate	  is	  independent	  of	  the	  particle	  size	  and	  redistribute	  the	  size	  distribution	  to	  the	  larger	  sizes.	  	  	  3.2.3.3	  Aqueous	  Phase	  Reactions	  in	  Sea	  Salt	  Particles	  	  5-­‐25%	   of	   the	   non-­‐sea-­‐salt	   sulfur	   observed	   in	   the	  MBL	  may	   be	   created	   on	   sea	   salt	  predominately	   in	  the	  radius	  range	  1-­‐5	  µm	  through	  aqueous	  phase	  reactions	  (Sievering	  et	  al.,	   1992).	   This	   mechanism	   is	   not	   turned	   on	   in	   our	   model	   yet	   since	   there	   are	   lots	   of	  uncertainties	  in	  choosing	  the	  pH	  values	  of	  sea	  salt	  aerosol	  particles.	  The	  oxidation	  rate	  of	  SO2	  by	  ozone	  is	  very	  sensitive	  to	  the	  pH	  value.	  We	  plan	  to	  apply	  the	  same	  algorithm	  of	  SO2	  and	  H2SO4	  uptake	  and	  SO2	  oxidation	  in	  cloud	  droplets	  to	  the	  sea	  salt	  particles	  in	  the	  cloud-­‐free	  region.	   In	  order	   to	  simulate	   the	  neutralized	  pH	  environment	   in	  sea	  salt	  droplets,	  we	  will	  make	  a	  first-­‐order	  assumption	  of	  the	  pH	  value	  to	  be	  7.	  The	  liquid	  water	  content	  of	  sea	  salt	  is	  calculated	  from	  the	  wet	  and	  dry	  radius	  and	  density	  of	  sea	  salt	  aerosol.	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3.2.4	  Aerosol	  dynamics	  3.2.4.1	  Nucleation	  We	  model	  the	  binary	  homogeneous	  nucleation	  rates	  of	  sulfuric	  acid	  and	  water	  using	  classical	  nucleation	  theory	  with	  modifications	  for	  calculating	  the	  saddle	  point	  in	  Gibbs	  free	  energy	  by	  Zhao	  and	  Turco	  (1995).	  The	  advantage	  of	  Zhao	  and	  Turco’s	  (1995)	  scheme	  is	  in	  its	   efficiency	   of	   finding	   the	   saddle	   point	   by	   decoupling	   the	   two-­‐parameter	   problem	  (number	  of	  moles	  of	   sulfuric	  acid	  and	  water)	   to	   two	  one-­‐dimensional	  solutions	   (size	  and	  sulfuric	  acid	  weight	   fraction).	   	  Zhao	  and	  Turco	  (1995)	  states	  that	  the	  scheme	  is	  adequate	  for	  studying	  the	  conditions	  that	  control	  the	  onset	  of	  nucleation	  and	  thus	  is	  suitable	  for	  MBL	  where	   the	  nucleation	  events	  are	  observed	   to	  be	   sporadic.	  English	  et	  al.	   (2012)	   found	   the	  nucleation	   theory	   in	   the	   UTLS	   (Upper	   Troposphere	   Lower	   Stratosphere)	   region	   did	   not	  play	  a	  significant	  role	  in	  the	  particle	  properties	  above	  10	  nm,	  since	  coagulation	  controls	  the	  particle	  numbers.	  The	  equilibrium	  vapor	  pressure	  treatments	  follow	  English	  et	  al.	  (2011).	  Water	  equilibrium	  vapor	  pressure	  over	  a	  binary	  solution	  is	  calculated	  using	  the	  technique	  of	  Lin	  and	  Tabazadeh	  (2001).	  Sulfuric	  acid	  equilibrium	  vapor	  pressure	  is	  calculated	  using	  the	  method	  of	  Ayers	   et	   al.	   (1980)	  with	   a	   temperature	   correction	  by	  Kulmala	   (1990)	   and	  thermodynamic	  constants	  from	  Giauque	  (1960).	   
	  3.2.4.2	  Condensation	  	  Sulfuric	   acid	   gas	   will	   condense	   on	   or	   evaporate	   from	   aerosol	   particles.	   The	  condensational	  growth	  and	  evaporation	  equation	  is	  described	  in	  Toon	  et	  al.,	  [1989].	  	  Since	  we	  have	  assumed	  that	  the	  sulfuric	  acid	  is	  neutralized	  upon	  nucleation,	  we	  do	  not	  evaporate	  sulfuric	  acid	  back	  to	  gas	  phase.	  The	  mass	  accommodation	  coefficient	  of	  H2SO4	  gas	  may	  be	  a	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key	   parameter	   in	   determining	   the	   importance	   of	   DMS	   in	   forming	   CCN	   (Yoon	   and	  Brimblecombe,	   2002).	   CCN	   number	   is	   sensitive	   to	   the	   accommodation	   coefficient	   when	  nucleation	  is	  the	  major	  source	  of	  CCN	  since	  lower	  accommodation	  coefficient	  will	  results	  in	  less	  efficient	  mass	  transfer	  of	  the	  vapor	  to	  preexisting	  particles	  and	  more	  active	  nucleation	  (Russell	   et	   al.,	   1994).	   In	   this	   model	   we	   choose	   the	   accommodation	   coefficient	   of	   0.7	  following	  Pandis	  et	  al.	  (1994)	  and	  Russell	  et	  al.	  (1994).	  	  	  3.2.4.3	  Coagulation	  Coagulation	   occurs	   when	   suspended	   aerosol	   particles	   come	   into	   contact.	   CARMA	  calculates	   Brownian,	   convective,	   and	   gravitational	   coagulation	   using	   the	   numerical	  approach	  described	   in	  Toon	   et	   al.,	   (1988).	   	   It	   is	   assumed	   that	   all	   particles	   stick	   together	  upon	   colliding.	   A	   correction	   for	   the	   impact	   of	   inter-­‐particle	   Van	   der	   Waals	   forces	   on	  coagulation	   is	   included	   (Chan	  and	  Mozurkewich,	  2001).	  Coagulation	  does	  not	   change	   the	  total	   aerosol	   mass,	   however,	   it	   reduces	   the	   number	   concentration.	   Nucleation	   is	   a	   fast	  process,	  but	  it	  can	  be	  episodic	  and	  be	  enhanced	  when	  relative	  humidity	  is	  high,	  acid	  vapor	  is	  enhanced,	  or	  temperatures	  are	   low.	  When	  coagulation	  happens	  on	  a	  time	  scale	  shorter	  than	  the	  removal	  rate	  of	  small	  particles	  it	  controls	  the	  numbers	  of	  particles	  present.	  In	  this	  case,	  small	  particle	  concentration	  is	  not	  very	  sensitive	  to	  the	  uncertainty	  of	  nucleation	  rate,	  as	  discussed	  further	  below,	  and	  also	  in	  English	  et	  al.,	  (2011).	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3.2.4.4	  Dry	  Deposition	  
Dry deposition of aerosols refers to the transfer of aerosol particles to the surface by 
gravitational sedimentation, turbulent transfer, Brownian diffusion, impaction, and interception. We	  use	  the	  method	  described	  in	  Zhang	  et	  al.	  (2001)	  to	  calculate	  the	  dry	  deposition	  velocity	  
	  	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  (3.9)	  
where	  vg	  is	  the	  gravitational	  velocity	  calculated	  by	  CARMA,	  the	  transport	  of	  particles	  also	  occurs	  by	  air	  motions	  which	  are	  represented	  	  by	  the	  aerodynamic	  resistance,	  Ra,	  in	  the	  surface	   layer,	   and	   the	   surface	   resistance,	  Rs,	   in	   the	   viscous	   sublayer.	  Ra	   depends	   on	   the	  atmospheric	   stability	   and	   surface	   roughness	   and	   is	   independent	   of	   aerosol	   species.	   The	  surface	   resistance	   of	   the	   viscous	   sublayer,	   Rs	   depends	   on	   particle	   size,	   atmospheric	  conditions	  and	  surface	  roughness.	  	  Rs	  is	  determined	  by	  Brownian	  diffusion,	  impaction,	  and	  interception	  by	  waves.	   For	   details	   see	   Section	  2.3	   and	  Fan	   and	  Toon	   (2011).	   To	  prevent	  negative	  concentrations	  of	  very	  large	  particles,	  which	  can	  be	  caused	  by	  rapid	  removal	  in	  a	  time	  step,	  we	  use	  the	  implicit	  differentiation	  method	  for	  the	  transport	  from	  the	  atmosphere	  to	  the	  surface	  so	  that	  the	  concentrations	  decrease	  exponentially	  in	  time.	  	  
	  3.2.4.5	  Wet	  Deposition	  The	  wet	  deposition	  in	  CAM5	  has	  been	  modified	  from	  CAM3	  for	  more	  consistency	  with	  cloud	  macro-­‐	   and	  microphysics.	   In	   CAM3,	   where	   the	   cloud-­‐borne	   aerosol	   is	   not	   treated	  explicitly,	   an	   arbitrary	   solubility	   factor	   is	   used	   to	   account	   for	   the	   conversion	   from	  interstitial	   to	  cloud-­‐borne	  state.	  CAM5	  explicitly	  accounts	   for	   the	   removal	  of	   cloud-­‐borne	  
vd = vg +
1
Ra + Rs
 88	  	  
aerosols	  by	  in-­‐cloud	  scavenging.	  The	  cloud	  types	  and	  corresponding	  aerosol	  types	  removed	  is	  shown	  in	  Figure	  3.2.	  	  
	  
Figure	  3.2	  Wet	  deposition	  scheme	  in	  CAM5.	  	  	  The	   in-­‐cloud	   scavenging	   scheme	   assumes	   that	   cloud-­‐borne	   aerosols	   are	   removed	  with	   the	  cloud	  water	   that	   is	   converted	   to	   rain.	  The	   first	  order	   loss	   rate	  of	   cloud	  water	   is	  calculated	  using	  cloud	  fraction,	  cloud	  water,	  and	  the	  precipitation	  production	  profile.	  The	  first-­‐order	  loss	  rate	  of	  aerosol	  is	  the	  cloud	  water	  loss	  rate	  multiplied	  by	  a	  fraction,	  which	  is	  called	  the	  “solubility	  factor”,	  ranging	  from	  0	  to	  1.	  The	  solubility	  factor	  can	  be	  interpreted	  as	  the	  fraction	  of	  aerosols	  that	  are	  in	  cloud	  droplets	  tuned	  by	  an	  additional	  factor.	  Obviously	  cloud-­‐borne	  aerosols	  are	  totally	  in	  cloud	  droplets	  and	  therefore	  the	  value	  is	  1.0.	  The	  tuning	  is	  needed	  because	  the	  cloud	  macrophysics	  (such	  as	  cloud	  fraction)	  and	  cloud	  microphysics	  properties	  (such	  as	  cloud	  droplet	  spectrum,	  auto-­‐conversion	  rate,	  etc.)	  are	  still	  uncertain	  or	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under-­‐represented	  in	  the	  model.	  CAM5	  assumes	  that	  cloud-­‐borne	  aerosols	  can	  be	  formed	  in	   large-­‐scale	   stratiform	   clouds.	   The	   stratiform	   clouds	   only	   affect	   the	   stratiform	   cloud-­‐borne	   aerosol,	   and	   do	   not	   affect	   the	   interstitial	   aerosols.	   Convective	   clouds	   only	   affect	  interstitial	   aerosols.	   Cloud-­‐borne	   aerosol	   generation	   in	   convective	   clouds	   has	   not	   been	  included	   in	   the	  model	  yet.	  The	  aerosol	   loss	   rate	   is	   the	  within-­‐convective-­‐cloud	  activation	  fraction	   multiplied	   by	   the	   solubility	   factor.	   Notice	   that	   the	   solubility	   factor	   can	   be	  differently	  tuned	  in	  stratiform	  and	  convective	  clouds.	  	  	  	  The	   below-­‐cloud	   scavenging,	   or	   washout,	   follows	   Dana	   and	   Hales	   (1976)	   and	  Balkanski	  et	  al.	  (1993),	  assuming	  that	  both	  rain	  and	  snow	  remove	  aerosol	  below	  the	  cloud.	  The	  loss	  rate	  is	  calculated	  by	  multiplying	  the	  precipitation	  rate,	  the	  scavenging	  coefficient,	  and	   the	   solubility	   factor.	   The	   default	   scavenging	   coefficient	   in	   the	   CAM	   wet	   scavenging	  scheme	   is	   0.1	   mm-­‐1	   for	   all	   aerosol	   sizes.	   This	   assumption	   could	   introduce	   bias	   as	   the	  scavenging	   coefficient	   should	   be	   highly	   dependent	   on	   aerosol	   particle	   size	   and	   on	   cloud	  particle	  size	  (Easter	  et	  al.,	  2004).	  The	  solubility	  factor	  is	  a	  tuning	  factor	  in	  the	  model	  for	  the	  same	   reason	   as	   the	   in-­‐cloud	   scavenging.	   From	   the	   physical	   perspective,	   below-­‐cloud	  scavenging	   does	   not	   depend	   on	   the	   solubility	   of	   the	   aerosol	   particles.	   The	   particles	   are	  removed	   by	   impaction	   and	   even	   insoluble	   ones	  will	   be	   removed.	   A	  more	   physical-­‐based	  scheme	  with	  precipitation	  droplet	  size	  distribution	  and	  fall	  velocities	  should	  be	  considered	  to	  better	  represent	  the	  aerosol	  scavenging	  by	  rain	  and	  snow.	  Below-­‐cloud	  scavenging	  does	  not	  apply	  to	  cloud-­‐borne	  aerosol.	  	  	  The	   aerosol	   in	   the	   rain	   is	   released	   back	   to	   the	   atmosphere	   if	   the	   rain	   droplets	  evaporate.	   Note	   that	   the	   group	   “SULF”	   aerosol	   evaporates	   as	   group	   “MIXSUL”	   aerosols,	  since	  this	  portion	  of	  the	  sulfate	  aerosol	  is	  considered	  to	  be	  processed	  by	  clouds.	  The	  mass	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of	   a	   “SULF”	   particle	   is	   redistributed	   into	   two	   adjacent	   “MIXSUL”	   size	   bins.	   	   The	  redistribution	  conserves	  mass	  and	  number.	  If	  the	  bin	  size	  of	  the	  “SULF”	  particles	  is	  smaller	  than	  the	  smallest	  “MIXSUL”	  bin	  size,	  the	  mass	  all	  goes	  to	  the	  smallest	  bin.	  	  We	  have	  chosen	  to	  conserve	  mass	  rather	  than	  number	  in	  this	  case.	  The	  wet	  scavenging	   is	  done	   for	  each	  element.	   In	  our	  model	  we	  adopt	   the	  solubility	  factor	  of	  0.5	  for	  sulfate	  and	  sea	  salt.	  	  3.2.4.6	  Subgrid	  Vertical	  Transport	  	  	  The	   entrainment	   of	   free	   tropospheric	   aerosols	   is	  modeled	   by	   the	   subgrid	   vertical	  transport	   schemes	   in	   CAM5.	   The	   vertical	   transport	   of	   interstitial	   aerosols	   by	   deep	  convective	   clouds,	   is	   computed	   using	   the	   updraft	   and	   downdraft	   mass	   fluxes	   from	   the	  Zhang-­‐McFarlane	   parameterization	   (Collins	   et	   al.,	   2004).	   Cloud-­‐borne	   aerosols	   presently	  are	   not	   transported	   by	   convective	   clouds.	   Vertical	   transport	   of	   interstitial	   aerosols	   by	  shallow	  convective	  clouds	  is	  treated	  similarly	  to	  that	  of	  the	  deep	  convective	  clouds,	  using	  mass	   fluxes	   from	   the	   shallow	   convection	   parameterization.	   To	   strengthen	   the	   coupling	  between	  turbulent	  transport	  and	  aerosol	  in	  stratiform	  clouds,	  the	  implicit	  time	  integration	  scheme	   used	   for	   turbulent	   transport	   of	   heat,	   energy,	   and	   momentum	   is	   replaced	   by	   an	  explicit	   scheme	   for	   droplets	   and	   aerosol.	   A	   sub-­‐timestep	   for	   turbulent	   transport	   is	  calculated	  for	  each	  column	  based	  on	  the	  minimum	  turbulent	  transport	  time	  in	  the	  column.	  Turbulent	  transport	  is	  integrated	  over	  the	  sub-­‐time	  steps	  using	  a	  forward	  time	  integration	  scheme.	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3.2.5	  Aerosol	  Effects	  on	  Clouds	  Aerosols	  can	  be	  activated	  as	  cloud	  droplets	  and	  transferred	  to	  the	  cloud-­‐borne	  state.	  One	   interstitial	   particle	   is	   transferred	   to	   one	   cloud-­‐borne	   particle	   on	   activation.	   CAM5	  cloud-­‐borne	  aerosols	  are	  assumed	  to	  be	  activated	  only	  in	  the	  large-­‐scale	  stratiform	  clouds.	  Note	   that	   the	   largest	   fraction	  of	   cloud-­‐borne	   sulfate	   aerosol	  mass	   is	   from	  aqueous-­‐phase	  oxidation	  of	  SO2	  as	  is	  described	  in	  Section	  3.3,	  instead	  of	  aerosol	  activation.	  	  Cloud	  droplets	  can	  evaporate	   to	   release	  aerosols	  back	   to	   the	   interstitial	   state,	  which	   is	   also	   called	   cloud	  evaporation.	  In	  our	  model,	  cloud	  evaporation	  is	  a	  major	  source	  of	  group	  “MIXSUL”	  sulfate.	  	  In	  CAM5,	  activation	  occurs	  as	  updrafts	  carry	  air	  into	  the	  base	  of	  the	  cloud	  (Ghan	  et	  al.,	  1997)	   and	   as	   cloud	   fraction	   increases	   (Ovtchinnikov	   and	   Ghan,	   2005).	   In	   addition,	  activation	   is	   assumed	   to	   occur	   as	   air	   is	   continuously	   cycled	   through	   clouds.	   The	   model	  arbitrarily	  forces	  the	  cloud	  to	  dissipate	  and	  regenerate	  in	  a	  time	  scale	  of	  one	  hour.	  Only	  a	  subset	   of	   aerosol	   in	   the	   air	   parcel	   can	   be	   activated.	   The	   critical	   supersaturation	   of	   the	  aerosol	   particles	   to	   be	   activated	   must	   exceed	   the	   maximum	   supersaturation	   of	   the	   air	  parcel	  (known	  as	  the	  Köhler	  theory).	  Therefore,	  the	  problem	  of	  calculating	  the	  fraction	  of	  the	  activated	  aerosol	  is	  reduced	  to	  that	  of	  finding	  the	  maximum	  supersaturation	  that	  the	  air	  parcel	  can	  achieve.	  	  	  The	   critical	   supersaturation	   depends	   on	   the	   size	   and	   the	   hygroscopisity	   of	   the	  aerosol.	  The	  critical	  supersaturation	  of	  each	  bin	  is	  calculated	  from	  
	   	   	   	   	   	   	   	   	  	  	   	  	  	  (3.10)	  Sc = 2B A3r!"# $%&3 2
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where	  A	   is	   the	   Kelvin	   effect	   term	   and	  B	   is	   the	   hygroscopicity	   parameter	   averaged	  over	   the	  elements	   in	   the	  bin.	  We	  adopt	   the	  hygroscopicity	  parameter	  of	  0.507	   for	  sulfate	  and	  1.16	  for	  sea	  salt.	  r	  is	  the	  bin	  radius.	  	  The	  maximum	  supersaturation	  achieved	  by	  the	  air	  parcel	  is	  evaluated	  from	  the	  time	  change	  of	  supersaturation	  S	  (Abdul-­‐Razzak	  et	  al.,	  1998),	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	   	   	   	  	  	  (3.11)	  The	   maximum	   supersaturation	   Smax	   can	   be	   evaluated	   from	   equation	   (3.11)	   with	  
.	   Here	  V	   is	   the	   updraft	   velocity,	  which	   is	   approximated	   by	   the	   square	   root	   of	   the	  
turbulence	   kinetic	   energy.	   	  and	   	  are	   particle	   size-­‐invariant	   coefficients,	   which	   are	  related	   to	   temperature,	   pressure,	   and	   relative	   humidity.	   W	   is	   the	   cloud	   water	   content,	  which	   changes	  with	   time	   as	   the	  water	   vapor	   condenses	   on	   aerosols.	  dW/dt	   denotes	   the	  condensation	  rate	  during	  activation	  and	  subsequent	  growth	  process,	  which	  is	  related	  to	  the	  activated	  aerosol	  size	  and	  number	  concentration.	  	  
	   	   	   	   	   	   	   	   	  	  	  (3.12)	  where	   	  is	  water	  density,	  n(S’)dS’	  is	  the	  number	  concentration	  of	  particles	  activated	  	  between	  S’	  and	  S’+dS’,	  and	  r(S,S’)	  is	  the	  droplet	  radius.	  For	  a	  lognormal	  distribution	  for	  the	  aerosol	  particles,	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Nap	  is	  the	  total	  aerosol	  particle	  number,	  Sm	  is	  the	  critical	  supersaturation	  of	  the	  mode	  calculated	  by	  (3.10)	  using	  mode	  geometric	  mean	  radius,	   is	  the	  standard	  deviation	  of	  the	  lognormal	  distribution.	  The	  growth	  rate	  of	  droplet	  radius	  is	  given	  by	  (Leaitch	  et	  al.,	  1986):	  
	  	   	   	   	   	   	   	   	   	  	  	  (3.14)	  
G	  is	  the	  growth	  coefficient	  due	  to	  gas	  kinetics	  effects.	  For	  definition,	  see	  Abdul-­‐Razzak	  et	  al.	  (1998).	  In	   general	   it	   is	   impossible	   to	   find	   the	   Smax	   through	   rigorous	   deviation	   of	   equation	  (3.14).	   	   Abdul-­‐Razzak	   et	   al.	   (1998)	   find	   the	   expression	   for	   Smax	  using	   an	   algorithm	   that	  involves	  approximation	  and	  employment	  of	  adjusting	  coefficients	  evaluated	  from	  detailed	  numerical	   simulations.	   There	  may	   be	   an	   error	   in	   the	   expression	   for	   Smax	   cited	   in	   Abdul-­‐Razzak	  et	  al.	  (1998).	  The	  term	  in	  the	  bracket	  of	  the	  second	  term	  in	  the	  denominator	  should	  
be	   	   instead	  of	   	   as	  we	  infer	   from	  its	  derivation.	  Here	  we	  cited	  the	  expression	  
for	  Smax	  in	  Abudul-­‐Razzak	  and	  Ghan	  (2002). 
	   	   	   	   	   	   	  	  	  (3.15)	  
and	   	  are	  dimensionless	  terms.	  	  
	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  (3.16)	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and	   	  and	   	  are	   adjusting	   coefficient	   evaluated	   from	  numerical	   results	   of	   the	   full	  set	   of	   governing	   equations.	   The	   error	   is	   less	   than	   25%	   for	   a	   realistic	   range	   of	   all	   of	   the	  governing	  parameters.	  	   	  	   	   	   	   	   	   	   	   	  	  	  (3.18)	  
	   	   	   	   	   	   	   	   	   	  	  	  (3.19)	  
The	   coefficient	  are	  corrected	  in	  Abdul-­‐Razzak	  and	  Ghan	  (2000)	  and	  (2002).	  
	   	   	   	   	  	  	   	   	  	   	   	  	  	  (3.20)	  
The	   size	   representation	  method	   for	   the	   aerosol	   (modal	   or	   sectional)	  matters	  when	  representing	  the	  number	  of	  activated	  aerosols	  (i.e.,	  equation	  (3.12)).	  The	  activation	  scheme	  of	   CAM5	  was	   originally	   designed	   for	   the	  multi-­‐modal	   aerosol	   model	   (Abdul-­‐Razzak	   and	  Ghan,	   2000).	   The	   calculation	   requires	   the	   knowledge	   of	   the	   geometric	   radius	   and	   the	  standard	  deviation	  of	  each	  mode.	  To	  adapt	  to	  a	  sectional	  representation,	  Abdul-­‐Razzak	  and	  Ghan	  (2002)	  suggest	  simply	  treating	  each	  bin	  as	  a	  mode	  with	  a	  standard	  deviation	  of	  one	  for	  each	  mode.	  An	  effective	  critical	  supersaturation	  of	  the	  aerosol	  cluster	  is	  used	  to	  replace	  
Sm,	  which	  is	  calculated	  from	  	  
	   	   	   	   	   	   	   	   	   	  	  	  (3.21)	  	  where	  Si	  is	  the	  critical	  supersaturation	  at	  the	  middle	  of	  bin	  i	  calculated	  using	  equation	  (3.10)	  ,	  I	  is	  the	  number	  of	  bins,	  and	  Ni	  is	  the	  number	  concentration	  of	  bin	  i.	   The	  maximum	  super	  saturation	  of	  the	  air	  is	  approximated	  from	  
f !( ) g !( )
f !( ) =1.5exp 2.25 ln!( )2!" #$
g !( ) =1+ 0.25ln!
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  (3.22)	  
To	   adapt	   to	   multi-­‐group	   case	   in	   our	   model,	   the	   maximum	   supersaturation	   is	  calculated	  from	  
	  	   	   	   	   	  	  	   	   	  	  	  (3.23)	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solution.	  The	  discrepancy	  is	  partially	  due	  to	  the	  unknown	  hygroscopicity	  of	  the	  aerosol	  in	  Abdul-­‐Razzak	  and	  Ghan	  (2002),	  which	  is	  assumed	  to	  be	  0.75	  in	  CARMA.	  	  	  
	  
Figure	   3.3	   The	  number	   fraction	  of	   activated	  aerosol	  particles	   as	   a	   function	  of	   geometric	  mean	  radius	  for	  an	  updraft	  velocity	  of	  0.5	  m	  s-­‐1,	  a	  number	  concentration	  of	  1000	  cm	  -­‐3	  at	  temperature	   of	   15	   oC,	   and	   a	   pressure	   of	   90,000	  Pa.	   The	  black	   solid	   line	   is	   the	  numerical	  solution	   in	   Abudul-­‐Razzak	   and	   Ghan	   (2002),	   which	   used	   the	   geometric	   mean	   standard	  deviation	  of	  2	  for	  the	  modal	  model.	  The	  red	  dotted-­‐dash	  line	  is	  the	  CARMA	  simulation	  with	  100	  bins.	  We	  use	  the	  bin	  radius	   for	  CARMA	  following	  the	  same	  lognormal	  distribution	  as	  the	  modal	  model.	  	  	  CAM5	   simply	   treats	   the	   cloud-­‐borne	   aerosol	   conversion	   to	   interstitial	   state	   in	  proportion	  to	  the	  cloud	  fraction	  change.	  Cloud	  can	  dissipate	  when	  air	  cycles	  through	  clouds.	  	  Cloud	   evaporation	   can	   also	   produce	   aerosols	   when	   turbulent	   transport	   moves	   cloud	  droplets	   to	   a	   less	   cloudy,	   or	   less	  moist	   layer.	   	   As	   in	   the	   case	   of	   rain	   droplet	   evaporation	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described	   in	   Section	   2.4,	   the	   group	   “SULF”	   cloud-­‐borne	   aerosol	   evaporates	   as	   group	  “MIXSUL”	   interstitial	   aerosols.	   The	   mass	   of	   a	   “SULF”	   particle	   is	   redistributed	   into	   two	  adjacent	  “MIXSUL”	  size	  bins	  of	  equivalent	  sizes	  to	  conserve	  mass	  and	  number.	  	  
3.3	  	  Results	  
3.3.1	  Control	  Run	  We	   first	   consider	   the	  present-­‐day	  emissions	  of	   the	  precursor	   gases	   to	   simulate	   the	  present	   climate,	   which	   we	   refer	   to	   as	   the	   control	   run.	  We	   would	   like	   to	   verify	   that	   the	  model	   is	  performing	  reasonably	   in	   terms	  of	   the	  budgets,	  global	  mass	  concentrations,	  size	  distributions,	  and	  global	  distributions	  of	  sea	  salt	  and	  sulfate.	  	  3.3.1.1	  Global	  Budget	  of	  Aerosols	  and	  Gases	  We	  keep	  track	  of	  the	  budget	  of	  the	  sulfate	  precursor	  gases	  in	  our	  model	  and	  compare	  it	   to	   previous	   global	   aerosol	   studies.	   Table	   3.3	   shows	   the	   annual-­‐mean	   global-­‐averaged	  source	  and	  sink	  terms	  of	  DMS,	  SO2,	  and	  H2SO4	  from	  this	  work,	  results	  from	  CAM5	  coupled	  with	  3-­‐mode	  modal	  aerosol	  (MAM3,	  Liu	  et	  al.,	  2011),	  and	  other	  models	  cited	  by	  Liu	  et	  al.	  (2011).	  The	  source	  and	  sink	  terms	  of	  the	  gases	  are	  balanced	  which	  indicates	  the	  modeled	  gas	  concentrations	  has	  reached	  equilibrium	  at	  the	  time	  of	  analysis.	  	  The	  oxidation	  of	  DMS	   is	   the	  same	  as	  Liu	  et	  al.	   (2011)	  since	  the	  two	  models	  use	   the	  same	  DMS	  emission	   scheme.	  The	  DMS	  emission	   rate	  of	   our	  model	   is	  within	   the	   range	  of	  other	  models.	  The	  burden	  and	   lifetime	  of	  DMS	  are	  also	   the	  same	  as	  Liu	  et	  al.	   (2011)	  and	  within	  the	  range	  of	  other	  models	  quoted	  by	  Liu	  et	  al.	  (2011).	  The	  DMS	  loss	  is	  lower	  than	  the	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oxidation	  production	  of	  SO2	  since	  one	  mole	  of	  DMS	  is	  oxidized	  by	  OH	  to	  form	  0.5	  mole	  of	  SO2	  (the	  fourth	  gas-­‐phase	  reaction	  listed	  in	  Table	  3.2).	  	  The	   surface	   and	   elevation	   emission	   of	   SO2	   is	   slightly	   higher	   than	   Liu	   et	   al.	   (2011),	  while	  DMS	  oxidation	  produced	  SO2	  flux	  is	  slightly	  lower.	  The	  dry	  and	  wet	  deposition	  flux	  is	  higher	  than	  Liu	  et	  al.	  (2011)	  because	  of	  the	  modeled	  higher	  burden	  of	  SO2.	  Our	  model	  has	  a	  lower	  aqueous-­‐phase	  loss	  rate	  than	  Liu	  et	  al.	  (2011)	  and	  other	  models	  quoted	  by	  Liu	  et	  al.	  (2011).	  	  This	  difference	  could	  be	  due	  to	  low	  H2O2	  in	  the	  model,	  which	  will	  result	  in	  less	  in-­‐cloud	  oxidation,	  as	  discussed	  below.	  The	  burden	  and	  lifetime	  of	  SO2	  is	  comparable	  to	  Liu	  et	  al.	  (2011).	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Table	  3.3	  Annual-­‐mean	  global-­‐averaged	  budgets	  of	  the	  sulfate	  gases	  (Units:	  Tg	  S/year).	  
	   This	  work	   Liu	  et	  al.,	  2011	   Other	  models	  
DMS	   	   	   	  Source	   18.2	   18.2	   	  	  	  Emission	   18.2	   18.2	   10.7-­‐23.7	  Sink 18.2	   18.2	   	  	  	  Oxidation	   18.2	   18.2	   10.7-­‐23.7	  Burden	  (Tg	  S)	   0.067	   0.067	   0.02-­‐0.15	  Lifetime	  (days)	   1.35	  days	   1.34	  days	   0.5-­‐3.0	  	  
SO2	  Source	   79.1	   80.0	   	  	  	  Emission	   64.7	   64.8	   63.7-­‐92.0	  	  	  DMS	  oxidation	   14.4	   15.2	   10.0-­‐24.7	  Sinks	   79.0	   79.9	   	  	  	  	  	  Dry	  deposition	   22.9	   19.7	   16.0-­‐55.0	  	  	  	  	  Wet	  deposition	   23.2	   17.6	   0.0-­‐19.9	  	  	  	  	  Gas-­‐phase	  oxidation	   16.2	   14.5	   6.1-­‐16.8	  	  	  	  	  Aqueous-­‐phase	  oxidation	   16.7	   28.0	   24.5-­‐57.8	  Burden	  (Tg	  S)	   0.42	  	   0.34	   0.2-­‐0.61	  Lifetime(days)	   1.92	  	   1.55	   0.6-­‐2.6	  	  
H2SO4	  Source	   16.9	   14.5	   	  	  	  	  	  Gas-­‐phase	  production	   16.9	   14.5	   6.1-­‐22.0	  Sinks	   16.9	   14.5	   	  	  	  	  	  Nucleation	  	   2.2	   0.03	   	  	  	  	  	  Condensation	   14.4	   13.9	   	  	  	  	  	  Dry	  deposition	   0.018	   0.002	   	  	  	  	  	  Cloud	  uptake	   0.25	   0.59	   	  Burden	  (Tg	  S)	   0.00035	  	   0.00042	   9	  x	  10-­‐6	  -­‐10x10-­‐3	  Lifetime	  (min)	   10.18	  	   15.3	   4.3-­‐10.1	  	  We	   include	  the	  comparison	  of	  H2O2	  budget	  with	  Liu	  et	  al.	   (2005)	  and	  other	  models	  quoted	   by	   Liu	   et	   al.	   (2005)	   since	   Liu	   et	   al.	   (2011)	   does	   not	   provide	   the	   budget	   of	  H2O2(Table	  3.4).	  Because	   the	  chemistry	  mechanism	  used	   for	  our	   simulation	   is	   simplified,	  the	   source	   and	   sinks	   terms	   of	   this	   work	   are	   not	   comparable	   to	   other	   models.	   	   The	  percentage	   of	   the	   each	   sink	   terms	   to	   the	   total	   sink	   are	   listed	   in	   the	   brackets	   after	   the	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absolute	   value.	   The	   fractions	   in	   our	   model	   is	   similar	   to	   those	   in	   Liu	   et	   al.	   (2005).	   The	  burden	   is	   lower	   than	  Liu	  et	   al.	   (2005)	   and	   the	  other	  models	  which	   could	   result	   in	   lower	  aqueous-­‐phase	   oxidation	   rate	   of	   SO2	   as	   indicated	   in	   Table	   3.3.	   The	   lifetime	   is	   lower	   but	  comparable	  to	  Liu	  et	  al.	  (2005)	  and	  the	  other	  models.	  	  
Table	  3.4	  	  Annual-­‐mean	  and	  global-­‐averaged	  budget	  of	  H2O2	  	  (Unit:	  Tg/year)	  
H2O2	  
	   This	  work	   Liu	  et	  al.,	  2005	   Other	  models	  Sources	   464.2	   1095.2	   1125.0	  	  	  	  	  Gas-­‐phase	  oxidation	  	   464.2	   1095.2	   1125.0	  Sinks	   464.4	   1095.3	   1125.0	  	  	  	  	  Wet	  deposition	   102.4	  (22.0%)	   	  	  	  275.0(25.1%)	   125.0(11.5%)	  	  	  	  	  Dry	  deposition	  	   	  	  35.3	  	  (7.6%)	   	  	  	  	  	  	  58.3(5.3%)	   141.0(12.5%)	  	  	  	  	  Aqueous-­‐phase	  chemistry	   	  	  	  	  	  7.4(1.6%)	   	  	  	  	  	  	  38.6(3.5%)	   34.0(3.0%)	  	  	  	  	  Gas-­‐phase	  chemical	  sinks	   319.3(68.8%)	   	  	  	  723.4(66.1%)	   825.0(73%)	  Burden	  (Tg)	   1.30	  	   	  	  	  	  	  	  3.5	   4.2	  Lifetime	  (days)	   1.03	  	   	  	  	  	  	  	  1.2	   1.4	  	  We	  keep	  track	  of	  the	  global	  sulfate	  aerosol	  source	  and	  sink	  terms	  and	  the	  attachment	  states	  (interstitial	  and	  cloud-­‐borne)	  as	  seen	  in	  Table	  3.5.	  	  The	  major	  source	  of	  pure	  sulfate	  aerosols	  is	  the	  nucleation	  and	  condensation	  of	  H2SO4	  gas.	  The	  wet	  removal	  by	  clouds	  and	  rain	  is	  more	  efficient	  than	  dry	  deposition.	  	  Mixed	   sea	   salt	   and	   sulfate	   has	   its	   large	   source	   from	   sea	   spray,	   the	   second	   largest	  source	  is	  from	  cloud	  evaporation.	  The	  sulfate	  burden	  in	  our	  model	  is	  higher	  compared	  with	  Liu	  et	  al.	  (2011)	  since	  our	  model	  includes	  sea	  spray	  sulfate.	  41.5%	  of	  the	  H2SO4	  vapor	  that	  goes	   to	   sulfate	   particles,	   is	   consumed	  by	   nucleation	   and	   condensation	   on	   sulfate	   aerosol	  that	  are	  purely	  from	  gas-­‐phase	  conversion.	  58.5%	  of	  the	  H2SO4	  gas	  condenses	  on	  the	  mixed	  sea-­‐salt	   sulfate	   particles.	   	   Cloud-­‐borne	   sulfate	   has	   a	   much	   shorter	   lifetime	   than	   sulfate	  aerosols,	  since	  its	  lifetime	  is	  limited	  by	  the	  lifetime	  of	  clouds.	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Liu et al., 
2011 
Sources   8.5   656.2 115.2 779.9 44.29 
Anthrop. 
Emission 
  1.7       - - 1.7 1.66 
Sea spray     -   592.5 - 592.5 - 
Nucleation   2.2 - - 2.2 0.03 
Condensation   4.6   9.6 - 14.2 13.98 
Cloud activation - - 98.3 98.3 - 
Rain evaporation    -    54.1 - 54.1 - 
Aqueous-phase 
oxidation 
   - - 16.7 16.7 28.03 
H2SO4 uptake - - 0.25 0.25 0.59 
Sinks  8.4 598.5 168.4 775.3 44.3 
Dry deposition   2.3  491.5 - 493.8 4.96 
Wet deposition   6.0   8.8 115.1 129.9 39.34 
Cloud activation  - 98.3 - 98.3 - 
Cloud 
evaporation 
- - 53.3 53.3 - 
Burden (Tg S) 0.18 1.37 0.0033 1.6083 0.46 
Lifetime (days) 7.96 0.76 0.01 2.06x10-3 3.7 	  Sea	  salt	  budget	  is	  shown	  in	  Table	  3.6	  and	  compared	  with	  Liu	  et	  al.	  (2011).	  It	  is	  noted	  that	   the	   dry	   deposition	   flux	   is	   about	   10	   times	   larger	   than	   the	   wet	   deposition.	   In	  CAM3/CARMA	  dry	  deposition	   is	  about	  70%	  of	   the	   total	  deposition	   flux.	  The	  difference	   is	  due	  to	  the	  introduction	  of	  cloud-­‐borne	  aerosol.	  It	   is	   interesting	  that	  the	  lifetime	  of	  sulfate	  on	  mixed	  particles	  (0.76	  days)	  is	  longer	  than	  that	  of	  sea	  salt	  (0.47	  days).	  	  This	  reflects	  the	  origin	  of	  a	  lot	  of	  mixed	  sulfate	  from	  clouds	  in	  regions	  that	  do	  not	  have	  significant	  sea	  salt.	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Table	  3.6	  Sea	  salt	  budget	  (Unit:	  Tg/year)	  
 This model Liu et al. (2011) 
Source 17231.1 4965.5 
  Emission   17231.1  4965.5 
Sinks 18285.2 4962.9 
  Dry deposition   14229.0   2410.3 
  Wet deposition     1567.5   2552.6 
Cloud activation 	  	  	  	  2488.7	   -­‐	  
Burden 22.0 10.37 
Lifetime 0.47 days 0.76 days 	   	  3.3.1.2	  Mass	  Concentration	  	  Figure	   3.4	   shows	   the	   global	   distribution	   of	   vertically	   integrated	   NSS	   sulfate	   mass	  concentration	  modeled	  by	  CARMA	  and	   the	  CAM5	  modal	   aerosol	  model	  MAM3	  (Liu	  et	   al.,	  2011).	  Both	  models	   show	  a	   large	  peak	  of	   vertically	   integrated	   sulfate	  mass	  over	  Europe,	  which	  is	  transported	  downwind	  to	  Northern	  Africa.	  There	  is	  a	  second	  peak	  over	  China.	  	  A	  third	   peak	   is	   observed	   over	   North	   America.	   The	   sulfate	   mass	   concentrations	   over	   the	  remote	  northern	  Ocean	  are	  of	  the	  same	  magnitude	  as	  that	  over	  the	  remote	  continent.	  Over	  the	  southern	  ocean	  the	  DMS	  produced	  sulfate	  mass	  prevails.	  	  	  We	  also	  show	  in	  Figure	  3.4	  the	  total	  sulfate	  modeled	  by	  MAM3,	  which	  is	  equivalent	  to	  NSS	  sulfate	  since	  MAM3	  does	  not	  include	  sea-­‐salt	  sulfate.	  The	  mass	  concentration	  over	  the	  Northern	  Hemisphere	  is	  higher	  than	  modeled	  by	  CARMA.	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Figure	   3.4	   Annual-­‐mean	   vertically-­‐integrated	  mass	   concentration.	   (a)	   non-­‐sea-­‐salt	  sulfate	  modeled	  by	  CARMA.	  (b)	  sulfate	  modeled	  by	  MAM3.	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Figure	   3.5(a)	   shows	   the	   zonal-­‐averaged	   vertical	   profile	   of	   the	   sulfate	   mass	  concentration.	   There	   is	   a	   maximum	   in	   the	   boundary	   layer	   around	   30oN	   due	   to	  anthropogenic	   sulfate	   emissions.	   The	   maximum	   near	   30oN	   from	   MAM3	   is	   larger	   than	  CARMA	  (Figure	  3.5(b)).	  	  
	  
	  
Figure	   3.5	   Annual-­‐mean	   zonal-­‐averaged	   (a)	  NSS-­‐sulfate	  mass	   concentration	   	   from	  CARMA	  and	  (b)	  sulfate	  mass	  concentration	  from	  MAM3.	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Figure	  3.6	  shows	  the	  global	  distribution	  of	  sea	  salt	  aerosol	  from	  CARMA	  and	  MAM3	  .	  	  The	  CARMA	  sea	  salt	  burden	  is	  higher	  than	  that	  of	  MAM3	  due	  to	  the	  higher	  emission	  (see	  Table	  3.6	  for	  sea	  salt	  budget).	  We	  notice	  that	  the	  emission	  rate	  of	  our	  model	  is	  twice	  that	  of	  the	  modal	  aerosol	  (Liu	  et	  al.,	  2011).	  The	  emission	  rate	  for	  sea	  salt	  depends	  on	  the	  largest	  size	  particles	  emitted.	  In	  CARMA	  we	  use	  the	  CMS	  source	  function	  for	  sea	  salt	  particles	  up	  to	  15	   µm	   radius,	   which	   introduces	   the	   production	   of	   spume	   droplets	   when	   wind	   speeds	  exceed	   9	   m	   s-­‐1	   (Fan	   and	   Toon,	   2012,	   Chapter	   2).	   MAM3	   represents	   the	   aerosol	   sizes	   in	  modes.	  It	  is	  possible	  that	  their	  sea	  salt	  particles	  do	  not	  extend	  to	  as	  large	  a	  size	  range	  as	  in	  CARMA.	  We	  also	  apply	  the	  Weibull	  wind	  distribution	  to	  represent	  gust	  winds,	  which	  MAM3	  does	  not	  include.	  This	  will	  results	  in	  higher	  sea	  salt	  emission	  rates	  than	  MAM3.	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Figure	  3.6	  The	  same	  as	  Figure	  3.4	  but	  for	  sea	  salt.	  	  Figure	   3.7	   shows	   the	   vertical	   profile	   of	   sea	   salt.	   CARMA	   shows	   a	   higher	  maximum	  over	  the	  Southern	  Ocean	  than	  MAM3	  does.	  MAM3	  shows	  an	  elevated	  maximum	  of	  sea	  salt	  mass	   near	   60	   oS,	   possibly	   due	   to	   wet	   scavenging	   by	   clouds.	   This	   feature	   is	   not	   seen	   in	  CARMA	  result.	  Mass	  is	  lowest	  in	  the	  calm	  tropical	  regions	  and	  in	  the	  polar	  regions	  in	  both	  models.	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Figure	  3.7	  The	  same	  as	  Figure	  3.5	  but	  for	  sea	  salt.	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Figure	  3.8	  compares	  the	  modeled	  non-­‐sea-­‐salt	  sulfate	  mass	  concentrations	  with	  the	  observed	  mass	  concentration	  reported	  by	  the	  University	  of	  Miami	  (here	  SP	  data,	  Savoie	  and	  Prospero,	   1977).	   The	   non-­‐sea-­‐salt	   sulfate	   includes	   the	   mass	   of	   sulfate	   from	   both	  homogeneous	  nucleation,	  and	  the	  mixed	  sulfate,	  but	  excludes	  the	  sulfate	  mass	  from	  the	  sea	  spray.	  The	  model	  does	  not	  represent	  any	  particular	  year,	  since	  it	  is	  running	  in	  on-­‐line	  mode	  rather	   than	  being	  driven	  by	  observed	  data.	  The	  observations	   span	   long	   time	  periods	  but	  the	  periods	  at	  different	  locations	  are	  different.	  	  We	  choose	  5	  years	  from	  1992-­‐1996	  during	  which	  data	  are	  available	  at	  the	  seven	  of	  the	  eight	  locations.	  At	  Mace	  Head	  we	  chose	  1990-­‐1994	  since	   its	  dataset	   ends	   in	  1994.	  We	  output	   the	  monthly-­‐averaged	  model	   results	   and	  average	  the	  measurement	  in	  each	  month	  over	  the	  five-­‐years	  of	  observations.	  The	  modeled	  non-­‐sea-­‐salt	   sulfate	   mass	   concentrations	   are	   within	   the	   error	   bars	   of	   the	   observations.	  Northern	  hemisphere	  locations	  shows	  heavier	  loading	  of	  sulfate	  than	  Southern	  hemisphere	  locations	   due	   to	   larger	   northern	   hemisphere	   anthropogenic	   emissions.	   	   Also	   shown	   in	  Figure	  3.8	  is	  the	  scatter	  plot	  of	  the	  model	  and	  observations.	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Figure	   3.8	   Simulated	   compared	   with	   observed	   non-­‐sea-­‐salt	   sulfate	   mass	   concentration.	  The	  model	  results	  are	  from	  a	  free-­‐run	  using	  model	  dynamics.	  The	  datasets	  are	  averaged	  for	  the	  year	  1992-­‐1996	  (Mace	  Head	  for	  1990-­‐1994).	  Error	  bar	  are	  one	  standard	  deviation	  of	  the	  observations.	  The	  low-­‐right	  panel	  is	  the	  scatter	  plot	  for	  each	  month	  for	  all	  the	  sites.	  The	  solid	  line	  is	  the	  one-­‐to-­‐one	  line	  and	  the	  dash	  lines	  are	  one-­‐to-­‐two	  and	  two-­‐to-­‐one	  lines.	  	  	  Figure	  3.9	  shows	  the	  seasonal	  variation	  of	   total	  sulfate	  at	   the	  surface.	  Generally	  the	  model	   shows	  more	  seasonal	  variation	  with	   time	   than	   the	  data.	  The	  modeled	   total	   sulfate	  mass	  concentrations	  show	  larger	  magnitude	  and	  seasonal	  variation	  than	  modeled	  non-­‐sea-­‐salt	  sulfate	  as	  shown	  in	  Figure	  3.8.	  At	  some	  locations	  the	  total	  sulfate	  is	  much	  higher	  than	  the	  observations.	  The	  large	  variation	  of	  total	  sulfate	  is	  due	  to	  sea-­‐salt	  sulfate	  variation.	  In	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the	  model	  the	  sea-­‐salt	  sulfate	   is	  produced	  by	  sea	  spray	  at	  a	   fraction	  of	  10.35%	  of	  the	  sea	  salt	  mass.	  	  	  
 
Figure	  3.9	  Same	  as	  Figure	  3.8	  but	  for	  total	  sulfate.	  	  	  Figure	  3.10	  compares	  the	  sea	  salt	  mass	  with	  the	  Savoie	  and	  Prospero	  datasets	  during	  the	   same	   time	   period	   discussed	   previously.	   At	   locations	   where	   the	   model	   captures	   the	  magnitude	   and	   time	   variation	   of	   sea	   salt	   concentration	   (such	   as	   Iceland,	   Mace	   Head,	  Nolfolk,	  and	  Cape	  Point),	  total	  sulfate	  in	  Figure	  3.9	  also	  agrees	  with	  the	  observations.	  It	  is	  obvious	  that	  the	  discrepancy	  between	  modeled	  and	  observed	  sea	  salt	  mass	  concentration	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at	   Bermuda,	   Midway,	   Barbados,	   and	   Reunion	   shown	   in	   Figure	   3.10	   introduced	   the	  discrepancy	  in	  total	  sulfate	  mass	  concentration.	  The	  sea	  salt	  model	   in	  Chapter	  2	  captures	  the	  sea	  salt	  mass	  concentration	  very	  well	  (Figure	  2.6)	  even	  at	  locations	  where	  we	  do	  not	  do	  well	   in	   the	   current	   simulations	   (Figure	  3.10).	   	  We	   expect	   the	  difference	   results	   from	   the	  wind	  field,	  which	  is	  key	  to	  the	  sea	  salt	  production.	  The	  current	  simulations	  do	  not	  use	  the	  observed	  winds,	  while	  those	  shown	  in	  Figure	  2.6	  use	  observed	  winds	  for	  the	  year	  in	  which	  the	  data	  were	  obtained.	  	  	  
 
Figure	  3.10	  Same	  as	  Figure	  3.8	  but	  for	  sea	  salt.	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Figure	   3.11	   compares	   the	  modeled	   and	   observed	   SO2	  mixing	   ratio	   over	   the	  United	  States.	   Datasets	   are	   from	   the	   IMPROVE	   observational	   network	   projects	   Midwest	   Pro	  ammonia	  (15	  sites,	  2003-­‐2005),	  MOHAVE	  (39	  sites,	  1992),	  and	  SEAVS	  (1	  sites,	  1995).	  Data	  are	   time-­‐averaged	   over	   the	   periods	   of	   the	   projects.	   The	   data	   values	   are	   averaged	   to	   the	  model	   grid-­‐box	   to	   be	   compared	  with	  model	   values.	   The	  model	   results	   are	   also	   averaged	  over	   the	   simulation	   years.	   Each	   triangle	   represents	   a	   grid-­‐box	   average.	   The	   simulations	  have	   higher	  mixing	   ratio	   of	   SO2	   than	   the	   observation.	   The	   correlation	   coefficient	   is	   0.85.	  The	  MAM3	  also	  predicts	  higher	  SO2	  mixing	  ratio	  than	  observed	  (Liu	  et	  al.,	  2011).	  	  The	  two	  model	   simulations	   utilize	   the	   same	   gaseous-­‐phase	   chemistry	   and	   gas	   wet	   deposition	  scheme.	  The	  over-­‐estimated	  SO2	  could	  be	  the	  result	  of	  both	  chemistry	  and	  wet	  deposition.	  Figure	  3.12	  shows	  that	  the	  model	  reflects	  the	  higher	  SO2	  mixing	  ratio	  in	  the	  eastern	  United	  States.	  The	  model	  over-­‐predicts	  the	  mixing	  ratio	  over	  most	  grid	  points.	  The	  over-­‐prediction	  is	   most	   obvious	   in	   the	   inland	   and	   western	   United	   States	   where	   the	   SO2	   emissions	   are	  relatively	  low.	  It	  is	  possible	  that	  the	  observation	  data	  are	  sampled	  in	  pristine	  environments	  since	  most	   of	   the	   IMPROVE	   sites	   are	   located	   in	   national	   parks.	   The	  model	  with	   a	   coarse	  resolution	   is	  not	  capable	  of	  distinguishing	   the	  highly	  variable	  SO2	  concentration	  between	  industrial	  and	  pristine	  areas.	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Figure	  3.11	  Modeled	  and	  observed	  SO2	  mixing	  ratio	  at	  the	  surface.	  Observations	  are	  from	  IMPROVE	  dataset.	  	  The	  solid	  line	  is	  the	  one-­‐to-­‐one	  line.	  The	  dashed	  lines	  are	  1-­‐to-­‐2	  and	  2-­‐to-­‐1	   lines.	  Blue	   triangles	   represent	  eastern	  United	  States	  sites(longitude	  east	  of	  100	   oW).	  Red	  triangles	  represent	  western	  sites	  (longitude	  west	  of	  100	  oW).	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Figure	  3.12	  Distribution	  of	  the	  SO2	  mixing	  ratio	  over	  the	  United	  States	  from	  a)	  IMPROVE	  datasets	  and	  b)	  model	  simulation.	  	  	  	  Figure	   3.13	   compares	   the	  modeled	   and	   observed	   fine-­‐mode	   sulfate	   aerosol	  mixing	  ratio	  at	  the	  surface.	  The	  observational	  datasets	  are	  from	  IMPROVE	  network	  PM2.5	  sulfate	  aerosol.	  PM2.5	  are	  particles	  with	  diameter	  smaller	  than	  2.5	  µm.	  Datasets	  are	  averaged	  for	  year	  2000.	  	  We	  group	  the	  215	  sites	  in	  the	  datasets	  according	  to	  the	  model	  grid	  boxes	  and	  average	   them	   to	   compare	  with	   the	  model.	   The	  model	   data	   are	   for	   “SULF”	   particles	  with	  radius	  smaller	  than	  1.3	  µm	  and	  “MIXSUL”	  particles	  with	  radius	  smaller	  than	  1.01	  µm.	  The	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model	   and	   the	   data	   agree	   within	   a	   factor	   of	   two	   in	   most	   grid	   boxes.	   The	   correlation	  between	   observation	   and	   the	  model	   is	   0.84.	   The	  model	   over-­‐estimates	   the	   sulfate	  mass	  mixing	   ratio	  at	   some	  grid	  boxes	  where	   the	  mixing	   ratio	   is	   relatively	   low.	   	  This	   feature	   is	  consistent	   with	   the	   SO2	   mixing	   ratio.	   It	   is	   reasonable	   to	   infer	   that	   over-­‐predicted	   SO2	  mixing	   ratio	   results	   in	   the	   over-­‐predicted	   sulfate	   aerosol	   mass.	   The	   modal	   aerosol	   also	  shows	  a	  similar	  difference	  with	  the	  observations	  (Liu	  et	  al.,	  2011).	  Figure	  3.14	  shows	  the	  spatial	  distribution	  of	  the	  fine-­‐mode	  sulfate	  aerosol	  mass	  concentration	  compared	  between	  observation	   and	  model.	   The	   over-­‐estimation	   is	  mostly	   in	   the	  western	   and	   northwestern	  United	  States	  where	  the	  sulfate	  aerosol	  mixing	  ratio	  is	  relatively	  low.	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Figure	  3.13	  Modeled	  and	  observed	  fine-­‐mode	  sulfate	  aerosol	  mixing	  ratio	  at	   the	  surface.	  	  	  The	   solid	   line	   is	   the	   one-­‐to-­‐one	   line.	   The	   dashed	   lines	   are	   1-­‐to-­‐2	   and	   2-­‐to-­‐1	   lines.	   Blue	  triangles	   represent	   eastern	   United	   States	   sites	   (longitude	   east	   of	   100	   oW).	   Red	   triangles	  represent	  western	  sites	  (longitude	  west	  of	  100	  oW).	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Figure	  3.14	  Distribution	  of	  the	  fine-­‐mode	  sulfate	  aerosol	  mass	  concentration	  at	  the	  surface	  from	  (a)	  IMPROVE	  PM2.5	  observation	  and	  (b)	  model	  simulation.	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3.3.1.3	  Number	  Concentration	  Figure	   3.15	   illustrates	   the	   global	   distribution	   of	   Aitken	   (radius	   <	   0.05	   µm),	  accumulation	   (0.05	   µm	   <	   radius	   <	   0.5	   µm),	   and	   coarse	   (radius	   >	   0.5	   µm)	  mode	   number	  concentration	  of	   sea	   salt	   and	   sulfate	   aerosol	   in	   the	   surface	   layer	   (<~100m).	   It	   should	  be	  noted	   that	   the	  number	  of	   particles	   in	   the	  Aitken	  mode	   is	   often	  dominated	  by	   submicron	  sized	   particles,	   so	   comparison	   with	   data	   need	   to	   consider	   the	   smallest	   sized	   particles	  measured	  by	  the	  instrument.	  The	  Aitken-­‐mode	  particles	  are	  mostly	  formed	  by	  nucleation.	  The	   spatial	   distribution	   of	   the	   Aitken-­‐mode	   number	   is	   consistent	   with	   the	   spatial	  distribution	   of	   nucleation	   rate	   (Figure	   3.16	   (a)).	   Note	   the	   aerosol	   nucleation	   rate	   in	   the	  Antarctic	  surface	  layer	  is	  comparable	  to	  that	  over	  the	  remote	  continents	  and	  the	  Northern	  Hemisphere	  high-­‐latitude	  ocean	  due	  to	  the	  low	  temperature	  there.	  The	  accumulation-­‐mode	  concentration	  is	  two-­‐orders	  of	  magnitude	  lower	  than	  the	  Aitken-­‐mode	  concentration.	  The	  maximum	  of	  the	  Aitken	  model	  and	  the	  accumulation	  mode	  is	  over	  continents	  where	  human	  activity	   is	  most	  concentrated.	  This	  distribution	   is	  consistent	  with	   the	  accumulation-­‐mode	  number	   being	   formed	   by	   Aitken-­‐mode	   particle	   coagulation.	   The	   coarse-­‐mode	   number	   is	  another	   two-­‐orders	   magnitude	   lower	   than	   the	   accumulation	   mode.	   Marine	   aerosols	  dominate	   the	   coarse	  model	   aerosol	   in	   this	   model	   since	   we	   have	   not	   included	   dust.	   The	  maximum	  of	  the	  coarse-­‐mode	  number	  concentration	  is	  in	  the	  Southern	  Ocean. 




Figure	   3.15	  Modeled	   annual-­‐mean	   surface	   sulfate	   and	   sea	   salt	   number	   concentration	   in	  the	  (a)	  Aitken,	  (b)	  accumulation,	  and	  (c)	  coarse	  modes.	  	  
 120	  	  
(a)  
(b)  
Figure	   3.16	   	   (a)	   Surface	   layer	   and	   (b)	   zonal-­‐averaged	   annual-­‐mean	   sulfate	   aerosol	  nucleation	  rate.	  	  Figure	  3.17	  illustrates	  the	  vertical	  profile	  of	  the	  latitudinal	  dependence	  of	  the	  aerosol	  number	  concentration	  in	  Aitken,	  accumulation,	  and	  coarse	  modes.	  The	  distribution	  of	  the	  Aitken-­‐mode	  number	  can	  be	  explained	  by	   the	  pattern	  of	   the	  nucleation	  rate	   (Figure	  3.16	  (b)).	   For	   example,	   the	   large	   numbers	   of	   particles	   in	   the	   tropical	   upper	   troposphere	   are	  consistent	  with	  data	  and	  models	  (English	  et	  al.,	  2012).	  The	  accumulation	  mode	  peaks	  near	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the	   surface	   around	   30	   oN.	   Marine	   aerosols	   dominate	   the	   coarse-­‐mode	   maximum	   in	   the	  roaring	  40	  oS.	  	  
 
Figure	  3.17	  Modeled	  annual-­‐mean	  zonal-­‐averaged	  number	  concentration	  in	  (a)	  Aitken,	  (b)	  accumulation,	  and	  (c)	  coarse	  modes.	  	  	  Figure	   3.18	   illustrates	   the	   latitudinal	   dependence	   of	   modeled	   total	   number	  concentration	  at	  the	  surface	  compared	  to	  observations.	  The	  observational	  data	  are	  from	  30	  years	  of	  marine	  aerosol	  data	   that	   are	   complied	  on	  a	  15	   o	   x	  15o	  grid	   (Heintzenberg	  et	   al.,	  2000).	  Heintzenberg	  et	  al.	  (2000)	  standardized	  the	  fundamental	  data	  from	  sources	  over	  the	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globe	  by	  fitting	  them	  by	  multimodal	  lognormal	  functions.	  The	  size	  distribution	  is	  confined	  to	  an	  Aitken	  mode	  with	  geometric	  number	  mean	  diameter	  around	  50	  nm,	  an	  accumulation	  mode	   with	   a	   mean	   diameter	   around	   150	   nm,	   a	   coarse	   or	   sea	   salt	   mode	   with	   a	   mean	  diameter	  above	  400	  nm,	  and	  an	  ultrafine	  mode	  with	  a	  mean	  diameter	  below	  30	  nm.	  Since	  the	   ultrafine	   mode	   and	   giant	   sea-­‐salt	   particles	   were	   less	   well	   represented	   in	   field	  observations,	   the	   compiled	   datasets	   only	   include	   the	   Aitken	  mode	   and	   the	   accumulation	  mode.	  	  It	  is	  impossible	  for	  us	  to	  infer	  the	  exact	  lower	  and	  upper	  boundary	  of	  Heintzenberg	  et	  al.	   (2000)	  aerosol	  sizes.	  We	   just	  choose	   the	  modeled	  aerosol	  with	  radius	  above	  10	  nm	  and	  below	  15	  µm,	  which	   is	  comparable	  to	  the	  size	  range	  described	   in	  Heintzenberg	  et	  al.	  (2000).	  	  As	  shown	  in	  Figure	  3.18	  the	  model	   is	  within	  the	  error	  bars	  of	   the	  observation	  over	  the	   Northern	   Hemisphere	   oceans	   but	   under-­‐estimates	   the	   observations	   in	   the	   Southern	  Hemisphere	   oceans.	   The	   model	   is	   average	   over	   the	   oceans,	   and	   does	   not	   use	   observed	  winds.	  	  The	  data	  come	  from	  a	  variety	  of	  specific	  locations	  and	  times.	  	  Therefore	  the	  model	  and	  observations	  cannot	  be	  precisely	  compared.	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Figure	  3.18	  Latitudinal	  dependence	  of	  annual-­‐mean	  zonal-­‐averaged	  number	  concentration	  of	  sea-­‐salt	  and	  sulfate	  particles	  over	   the	  ocean.	  Squares	  are	  model	  results.	  Dotts	  are	  data	  from	  Heitzenberg	  et	  al.	  (2000)	  and	  error	  bars	  are	  one-­‐standard	  deviation.	  The	  blue	  and	  red	  triangles	  denotes	  the	  range	  of	  one-­‐standard	  deviation.	  	  	  Figure	  3.19	  illustrates	  the	  global	  distribution	  of	  CCN	  in	  the	  surface	  layer	  (<	  ~100m).	  Here	  the	  CCN	  is	  a	  subset	  of	  the	  aerosol	  number	  concentration	  with	  dry	  radius	  larger	  than	  0.03	  µm,	  which	  is	  the	  critical	  radius	  under	  super	  saturation	  of	  0.4%	  for	  convective	  clouds.	  We	   choose	   the	   super	   saturation	   of	   0.4%	   to	   make	   the	   CCN	   number	   concentration	  comparable	   with	   the	   datasets	   compiled	   by	   Andreae	   (2009).	   The	   number	   concentration	  could	  exceed	  1000	  cm-­‐3	  near	  the	  continental	  sources	  of	  sulfate	  aerosol	  and	  precursor	  gases.	  Typical	  observed	  values	  over	  the	  continent	  are	  about	  200-­‐500	  cm-­‐3.	  The	  number	  of	  CCN	  is	  much	  greater	  in	  the	  Northern	  hemisphere	  than	  in	  the	  southern	  hemisphere	  in	  Figure	  3.19	  due	   to	   the	   influence	  of	  anthropogenic	  emissions	   largely	  over	   the	  continents	  extending	   to	  the	  Northern	  Hemispheric	  oceans.	  Even	  over	  the	  remote	  ocean	  the	  number	  concentration	  exceeds	  over	  100	  cm-­‐3.	  The	  number	   concentration	   is	  higher	   in	   the	  Northern	  Hemisphere	  
 124	  	  
summer	  (Figure	  3.19	  (a))	  than	  in	  the	  winter	  (Figure	  3.19	  (b))	  though	  the	  emission	  rates	  of	  sulfur	  are	  higher	   in	  winter.	  The	  higher	  number	   in	   the	   summer	  months	   is	  due	   to	   the	   less	  rainfall	  and	  thus	  less	  wet	  removal.	  A	  similar	  seasonal	  pattern	  was	  found	  by	  Fan	  and	  Toon	  (2011)	  considering	  the	  numbers	  of	  sea	  salt	  particles	  over	  the	  oceans.	  The	  pattern	  of	  high	  number	  concentration	   in	  the	  summer	  and	   low	  number	  concentration	   in	  the	  winter	   is	  not	  obvious	   in	   the	   Southern	   Hemisphere.	   The	   number	   concentration	   in	   the	   Southern	  Hemisphere	  is	  around	  100	  cm-­‐3	  in	  the	  roaring	  40s.	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Figure	   3.19	  Global	  CCN	  number	  concentration	   in	   (a)	  DJF	   (December,	   January,	  February)	  and	  (b)	  JJA	  (June,	  July,	  August).	  	  	   Figure	  3.20	  compares	  the	  simulated	  CCN	  number	  concentration	  with	  measurements	  in	   clean	  marine	  air.	  A	   large	  number	  of	  CCN	  measurements	  are	   compiled	  and	  analyzed	   in	  Andreae	   (2009).	   The	   measurements	   over	   the	   remote	   oceans	   are	   chosen	   to	   present	   the	  clean	   marine	   datasets.	   We	   compare	   the	   model	   results	   at	   the	   same	   locations	   as	   the	  measurements.	   The	   CCN	   concentrations	   are	   adjusted	   to	   a	   supersaturation	   of	   0.4%	  using	  the	   conventional	   power	   law	   formulation	   for	   the	   dependence	   of	   CCN	   concentration	   on	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supersautration	   ([CCNS]=[CCN1.0]*Sk)	   where	   k	   is	   derived	   from	   the	   data	   or	   set	   to	   0.4	   for	  marine	  sites	   if	   information	  is	  unavailable.	   	  The	  model	  uses	  aerosol	  number	  concentration	  with	  the	  lower	  cutoff	  dry	  radius	  of	  0.03	  µm	  to	  represent	  CCN	  at	  the	  supersaturation	  of	  0.4%	  (Kreidenweis	  et	  al.,	  2005).	  In	  order	  to	  take	  into	  account	  the	  time	  of	  the	  measurement,	  we	  divide	   the	   datasets	   into	   four	   seasons	   (see	   the	   caption	   of	   Figure	   3.20	   for	   definition).	   The	  modeled	   CCN	   concentrations	   generally	   agree	   with	   measurements	   in	   the	   Southern	  Hemisphere.	  However,	   the	  model	  generally	  overestimates	  the	  Northern	  Hemispheric	  CCN	  concentrations.	  This	  indicates	  that	  the	  model	  generates	  too	  many	  particles	  over	  the	  ocean	  due	  to	   the	  nucleation	  of	   transported	  or	   the	  shipping	  emitted	  sulfate	  gases.	  Coagulation	   is	  not	  efficient	  enough	  to	  reduce	  the	  particle	  number.	  	  This	  result	  is	  consistent	  with	  the	  over-­‐estimated	  Northern	  Hemispheric	  aerosol	  concentration	  in	  Figure	  3.18.	  The	  outliners	  where	  the	  model	  over-­‐predicts	  the	  CCN	  number	  concentration	  marked	  with	  1	  to	  5	  are	  from	  Mace	  Head	  (53.33oN,	  9.9oW),	  FIRE	  (First	  International	  satellite	  Cloud	  Climatology	  project	  Region	  Experiment,31oN,	  122oW),	  ASTEX	  (Atlantic	  Stratocumulus	  Transition	  Experiment,	  30-­‐35oN,	  18-­‐25oW),	   Southern	   Ocean	   off	   Tasmania	   (41-­‐42oS,	   144oE),	   and	   Cape	   Grim	   (40.68oS,	  144.69oE).	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Figure	   3.20	   Modeled	   and	   measured	   CCN	   number	   concentration	   (cm-­‐3).	   Error	   bars	  represent	   one	   standard	   deviation.	   Green,	   red,	   orange,	   and	   blue	   colors	   denote	   data	  measured	  in	  spring	  (March,	  April,	  May),	  summer	  (June,	  July,	  August),	  autumn	  (September,	  October,	   November),	   and	   winter	   (December,	   January,	   February).	   Data	   with	   unknown	  observational	   times	   are	  marked	  with	   black.	   Dots	   represents	   data	  measured	   in	   Northern	  Hemisphere.	  Open	  circles	  represents	  data	  measured	  in	  Southern	  Hemisphere.	  	  	  	   Figure	   3.21	   shows	   the	   vertical	   profile	   of	   the	   CCN	   number	   concentration	   at	  supersaturation	   of	   0.1%	   compared	   to	   eight	   field	   experiments.	   The	   observations	   are	  compiled	   by	   Liu	   et	   al.	   (2011),	   which	   gives	   both	   the	  mean	   value	   and	   the	   10%	   and	   90%	  percentiles.	   	  The	  model	   results	  are	  averaged	  over	   the	  months	  of	   the	   field	  measurements.	  Most	  modeled	  CCN	  profiles	  reside	  within	  the	  10%	  and	  90%	  percentiles,	  except	  SOCEX-­‐1.	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Figure	  3.21	  Vertical	  profile	  of	  the	  CCN	  number	  concentration	  at	  supersaturation	  of	  0.1%.	  The	  solid	  black	  curves	  are	  modeled	  CCN	  profiles.	  The	  green	  solid	  curves	  are	  observed	  CCN	  profiles	  compiled	  by	  Liu	  et	  al.	  (2011).	  The	  green	  dash	  curves	  are	  10%	  and	  90%	  percentiles.	  	  	  3.3.1.4	  Size	  Distribution	  Figure	   3.22	   shows	   the	   number	   size	   distribution	   for	   the	   pure	   sulfate	   and	   mixed	  sulfate/sea	   salt	   groups	   in	   the	  mid-­‐latitude	  Northern	  Hemisphere	   (Midway	   Island	   (28	   oN,	  177	  oW))	  and	  the	  Southern	  Ocean	  (60	  oS,	  0	  o	  E).	  Under	  a	  typical	  super	  saturation	  of	  0.4%	  in	  convective	  clouds,	  the	  particles	  with	  a	  radius	  larger	  than	  about	  0.03	  µm	  are	  considered	  to	  be	  CCN.	  The	   fraction	  of	   number	   concentration	   in	   the	  ultra-­‐fine	  particle	   size	   range	  below	  0.03	  µm	  does	  not	  contribute	  to	  the	  CCN	  since	  their	  sizes	  are	  too	  small.	  At	  Midway	  Island	  as	  shown	   in	  Figure	  3.22	   (a),	   sulfate	   from	  gas	   conversion	  and	  mixed	   sea-­‐salt	   and	   sulfate	  are	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comparable	   in	   the	   number	   concentration	   for	   the	   particles	   between	  0.03	   µm	  and	  0.1	   µm.	  This	  indicates	  that	  with	  anthropogenic	  emission	  sulfate	  from	  nucleation	  contribute	  to	  CCN	  concentration	  at	  mid-­‐latitude	  Northern	  Hemisphere	  remote	  oceans.	  At	  the	  locations	  in	  the	  Southern	  Ocean	  (Figure	  3.22),	  particles	  larger	  than	  0.03	  µm	  are	  totally	  dominated	  by	  mixed	  sea	  salt	  and	  sulfate.	  This	  dominance	  of	  CCN	  by	  wind-­‐generated	  aerosols	  is	  supported	  by	  the	  observations	   (Cainey	   and	   Harvey,	   2002)	   showing	   that	   nucleation	   events	   in	   the	   remote	  marine	   boundary	   layer	   cannot	   explain	   the	   CCN	   number	   concentration.	   Nucleation	   may	  produce	   large	  numbers	  of	  particles	   episodically,	   but	   they	  are	  not	   large	   enough	   in	   size	   to	  impact	  the	  CCN.	   	  Of	  course	  some	  of	   the	  CCN	  mass	  originates	   from	  gas	  phase	  sulfuric	  acid	  condensing	  onto	  aerosols	  that	  have	  come	  from	  sea	  spray	  or	  cloud	  evaporation.	  	  Some	  of	  the	  aerosols	  coming	  from	  cloud	  evaporation	  may	  have	  nucleated	  in	  the	  atmosphere.	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(a)  
(b)  
Figure	   3.22	   The	   number	   size	   distribution	   at	   the	   Southern	   Ocean	   (60oS,	   0oE)	   for	   sulfate	  particles	  from	  gas	  conversion	  and	  sea-­‐salt	  sulfate	  mixed	  particles.	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   Figure	  3.23	  shows	  the	  annual-­‐mean	  mass	  size	  distribution	  for	  the	  sulfate	  from	  gas	  conversion	  and	  mixed	  sea	  salt	  and	  sulfate	  at	  Midway	  Island	  and	  the	  Southern	  Ocean.	  The	  mass	  of	  the	  pure	  sulfate	  and	  mixed	  sea	  salt	  and	  sulfate	  are	  comparable	  in	  the	  size	  range	  of	  0.03-­‐0.1	  µm	  at	  Midway	  Island	  (Figure	  3.23(a)).	  Sulfate	  mass	  is	  higher	  than	  sea	  salt	  mass	  in	  this	  size	  range	  which	  indicates	  that	  the	  sulfate	  are	  mostly	  produced	  by	  gas	  condensation	  or	  cloud	  evaporation.	  Sea	  salt	  dominates	  mass	  concentration	  of	  particles	  larger	  than	  0.5	  µm.	  The	  shapes	  of	  sulfate	  mass	  and	  sea	  salt	  mass	  are	  similar	  in	  this	  size	  range,	  which	  indicates	  that	  the	  sulfate	  are	  mainly	  from	  sea	  spray.	  Sulfate	  mass	  concentration	  exceeds	  that	  of	  the	  sea	   salt	   below	   0.1	   µm.	   The	   sulfate	   particles	   smaller	   than	   0.1	   µm	   are	   mainly	   from	  homogeneous	  nucleation	  and	  subsequent	  condensational	  growth.	  	  However,	  the	  nucleation	  did	   not	   necessarily	   occur	   in	   the	   marine	   boundary	   layer,	   and	   the	   particles	   may	   have	  undergone	  transport.	  	   The	  Southern	  Ocean	  has	  very	  high	  winds	  on	  average,	  and	  one	  of	  the	  largest	  sea	  salt	  mass	   concentrations	   on	   Earth.	   Figure	   3.23(b)	   shows	   that	   the	  mixed	   sea	   salt	   and	   sulfate	  mass	   is	  dominated	  by	   sea	   salt.	  The	  majority	  of	   these	   sulfate	  mass	   is	   from	  sea	   spray.	  The	  contribution	  of	  gas-­‐phase	  produced	  sulfate	  is	  small	  compared	  to	  mixed	  sea	  salt	  and	  sulfate	  in	  the	  whole	  size	  range	  down	  to	  0.01	  µm.	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(a)  
(b)  
Figure	  3.23	  The	  mass	  size	  distribution	  at	  (a)	  Midway	  Island	  and	  (b)	  the	  Southern	  Ocean	  (60oS,	  0o	  E)	  for	  sulfate	  particles	  from	  gas	  conversion	  and	  sea-­‐salt	  sulfate	  mixed	  particles.	  	  	  	  There	   are	   few	   in-­‐situ	  measurements	   of	   size	   distribution	   that	   extend	   to	   nanometer	  sizes.	  Therefore,	  we	  only	  compare	  the	  number	  size	  distribution	  in	  the	  size	  range	  for	  which	  
 133	  	  
data	  are	  available.	  Figure	  3.24	  shows	  the	  observed	  aerosol	  number	  size	  distribution	  over	  the	   ocean	   assembled	   from	  many	   in-­‐situ	  measurements	   and	   fitted	   to	   bi-­‐modal	   lognormal	  size	   distributions	   (Heintzenberg	   et	   al.,	   2000).	   Since	   particles	   smaller	   than	   0.01	   um	   and	  giant	   sea-­‐salt	   particles	   were	   less	   well	   represented	   in	   field	   observations,	   the	   compiled	  datasets	  only	  include	  an	  Aitken	  mode	  with	  a	  geometric	  number	  mean	  diameter	  around	  50	  nm	   and	   an	   accumulation	  mode	  with	   a	  mean	   diameter	   around	   150	   nm.	  Modeled	   aerosol	  particles	  with	  dry	  radius	   larger	   than	  0.01	  µm	  are	  selected	   to	  be	  compared	  with	   the	  data.	  Since	  Heintzenberg	  et	  al.	  (2000)	  only	  accepted	  data	  taken	  at	  a	  measured	  relative	  humidity	  of	   less	   than	  40%,	  we	  use	   the	  dry	  radius	   to	  represent	   the	  simulated	  size	  distribution.	  The	  data	   clearly	   show	   two	   size	  modes.	   The	  model	   has	   a	  well-­‐developed	  mode	   centered	   near	  0.03	   µm.	   However,	   the	  model	   does	   not	   show	   a	   well-­‐developed	   accumulation	  mode,	   and	  when	  it	  is	  present	  it	  is	  located	  below	  0.1	  µm	  while	  the	  data	  has	  the	  mode	  centered	  above	  0.1	   µm.	   The	   model	   is	   high	   in	   small	   particles	   which	   could	   be	   the	   result	   of	   the	   mass	  partitioning	   issue	   in	   the	   aqueous-­‐phase	   chemistry	   (Section	   3.2.3.2).	   The	  model	   does	   not	  show	  the	  two-­‐mode	  feature	  as	  the	  observations.	  We	  used	  a	  unified	  rainout	  rate	  for	  all	  the	  particle	  sizes.	  However,	  accumulation-­‐mode	  particles	  are	  scavenged	  more	  efficiently	  than	  the	  other	  modes.	  It	  could	  be	  helpful	  to	  introduce	  the	  size-­‐dependent	  rainout	  rate.	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Figure	   3.24	   Number	   size	   distributions	   over	   the	   global	   oceans.	   The	   curves	   are	   fitted	   bi-­‐modal	   lognormal	   size	   distribution	   compiled	   from	   observations	   from	   different	   sources	  (Heiztenburg	  et	  al.,	  2000).	  The	  bars	  are	  model	  results.	  	  	   	  AERONET	   retrievals	   show	   two	  distinct	  modes	   in	   3	   µm	   and	  0.1	   µm	   for	   volume	   and	  surface	  area	  size	  distributions	  (Figure	  3.25).	  Our	  model	   is	  featured	  by	  a	  volumetric	  mode	  near	  1-­‐3	  µm	  dominated	  by	  sea	  salt	  and	  an	  area	  mode	  near	  0.1	  µm.	  The	  model	  has	  a	  much	  smaller	  magnitude	   since	   the	  model	   is	  not	  driven	  by	   the	  meteorological	   fields.	  This	  mode	  radius	   varies	  with	   season.	  The	  model	   captures	   the	  0.1	  µm	  mode	   in	   the	   surface	   area	   size	  distribution	  but	  does	  not	  have	  a	  3	  µm	  mode	  as	  indicated	  by	  the	  AERONET	  size	  distribution.	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The	   modeled	   surface	   area	   mode	   near	   0.1	   µm	   spans	   a	   wider	   range	   than	   the	   AERONET	  distribution.	  This	  mode	  is	  dominated	  by	  sulfate	  aerosol.	  The	  sea-­‐salt	  mode	  merged	  in	  with	  the	  sulfate	  mode	  and	  thus	  does	  not	  simulate	  the	  two-­‐mode	  feature.	  
	    
Figure	  3.25	  (a)	  volumetric	  size	  distribution	  as	  a	  function	  of	  wet	  radius	  compared	  between	  the	   vertical	   integration	   of	   the	   simulations	   and	   AERONET	   inversion	   product	   at	   Midway	  Island	  in	  March,	  June,	  and	  September	  2006;	  (b)	  same	  as	  (a)	  but	  for	  cross-­‐sectional	  area	  size	  distribution.	   Different	   vertical	   scales	   are	   used	   for	   the	  model	   and	   AERONET	   to	  make	   the	  same	  total	  cross-­‐sectional	  area	  for	  panel	  (a)	  and	  volume	  for	  panel	  (b).	  	  CAM5/CAMRA	  does	  not	  capture	  the	  surface	  area	  mode	  near	  3	  µm	  as	  CAM3/CARMA	  does	  (Figure	   2.14).	   It	   could	   result	   from	   the	   differences	   in	   the	   removal	   flux	   between	   the	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CAM3/CARMA	   and	   CAM5/CARMA.	   Sea	   salt	   and	   sulfate	   particles	   are	   removed	   by	   dry	  deposition	   and	  wet	   scavenging.	   Dry	   deposition	   is	  more	   efficient	   than	  wet	   deposition	   for	  coarse-­‐mode	   sea	   salts	   since	   the	   fall	   velocity	   is	   proportional	   to	   the	   square	   of	   the	   particle	  radius.	   In	  CAM3/CARMA	  30%	  of	   the	   sea	   salt	  mass	   loss	   is	  due	   to	  wet	  deposition	  while	   in	  CAM5/CARMA	   only	   10%	   is	   due	   to	   wet	   deposition.	   The	   reason	   why	   wet	   deposition	   in	  CAM5/CARMA	   is	   less	   efficient	   than	   CAM3/CARMA	   is	   that	   interstitial	   aerosols	   in	  CAM5/CARMA	  are	  scavenged	  by	  below-­‐cloud	  and	  convective	  in-­‐cloud	  processes.	  Stratiform	  clouds	   do	   not	   scavenge	   interstitial	   aerosols	   but	   cloud-­‐borne	   aerosols.	   The	   cloud-­‐borne	  aerosols	  are	  later	  evaporated	  to	  interstitial	  aerosols	  which	  are	  more	  easily	  removed	  by	  dry	  deposition.	   To	   establish	   the	   balance	   between	   dry	   and	  wet	   deposition,	   one	   solution	   is	   to	  tune	  the	  solubility	  up	  to	  have	  a	  more	  efficient	  wet	  deposition.	   
 
3.3.2	  The	  Contribution	  of	  Anthropogenic	  Sulfate	  to	  Marine	  CCN	  and	  Cloud	  	   The	   major	   goal	   of	   this	   work	   is	   to	   understand	   how	   anthropogenic	   pollution	   has	  changed	   the	   numbers	   of	   CCN.	   	   We	   use	   the	   current	   year	   2000	   emission	   scheme	   as	   the	  baseline	  case	  and	  carry	  out	  three	  sensitivity	  test	  case	  studies.	  In	  the	  first	  sensitivity	  test	  we	  turn	  off	  the	  anthropogenic	  SO2	  and	  direct	  sulfate	  aerosol	  emissions.	  In	  the	  second	  case	  we	  double	  the	  anthropogenic	  SO2	  and	  direct	  sulfate	  aerosol	  emission.	  In	  the	  third	  case	  we	  turn	  off	  the	  emissions	  due	  to	  shipping.	  Figure	  3.26	  shows	  the	  column	  integrated	  emission	  rate	  of	  the	   baseline	   case	   and	   the	   three	   sensitivity	   test	   cases.	   Here	   we	   add	   up	   the	   surface	   and	  elevated	   emissions	   of	   SO2	   and	  direct	   emission	   of	   sulfate	   aerosols.	   Figure	   3.27	   shows	   the	  difference	  in	  emission	  rate	  of	  the	  three	  sensitivity	  test	  cases	  compared	  to	  the	  baseline	  base.	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Figure	   3.26	   Annual-­‐mean	   column	   integrated	   emission	   rate	   of	   SO2	   and	   primary	   sulfate	  aerosols	   (a)	   in	   year	   2000,	   (b)	   without	   anthropogenic	   emissions,	   (c)	   with	   doubling	   the	  anthropogenic	  emissions,	  and	  (d)	  without	  shipping	  emissions.	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Figure	   3.27	   Annual-­‐mean	   column	   integrated	   difference	   in	   emission	   rate	   of	   SO2	   and	  primary	  sulfate	  (a)	  without	  anthropogenic	  emissions,	  (b)	  with	  doubling	  the	  anthropogenic	  emissions,	  and	  (c)	  without	  shipping	  emissions.	  	  	  Figure	  3.28	  shows	   the	  surface	   layer	  annual-­‐averaged	  CCN	  number	  concentration	   in	  the	   baseline	   case	   and	   the	   sensitivity	   test	   cases.	   The	  CCN	  number	   concentration	   over	   the	  continental	  source	  region	  decreases	  dramatically	  from	  around	  1000	  cm-­‐3	  to	  less	  than	  100	  cm-­‐3	  due	  to	  turning	  off	  the	  anthropogenic	  emissions	  (Figure	  3.28(b)).	  Note	  our	  model	  does	  not	   include	   organic	   aerosols	   or	   dust,	  which	  will	   contribute	   CCN	   in	   the	   absence	   of	   sulfur	  pollution.	   	   Doubling	   the	   anthropogenic	   emissions	   increases	   the	   CCN	   number	   in	   the	  Northern	  Hemisphere	  land	  and	  ocean	  (Figure	  3.28(c)).	  Turning	  off	  the	  shipping	  emissions	  results	   in	  CCN	   concentration	  deceasing	  by	  ~100	   cm-­‐3	   over	   the	   shipping	   routines	   (Figure	  3.28(d)).	  The	  number	  concentrations	  in	  the	  Southern	  Hemisphere	  oceans	  are	  100-­‐200	  cm-­‐3	  in	  all	  the	  cases,	  which	  indicates	  trivial	  human	  impact	  on	  the	  surface	  layer	  CCN.	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Figure	   3.28	   Annual-­‐averaged	   global	   distribution	   of	   CCN	   number	   concentration	   at	  supersaturation	   of	   0.4%	   in	   the	   surface	   layer	   (a)	   with	   current	   year	   2000	   emission,	   (b)	  without	  anthropogenic	  SO2	  and	  direct	  sulfate	  aerosol	  emission,	  (c)	  with	  doubling	  SO2	  and	  direct	  sulfate	  aerosol	  emission,	  (d)	  without	  shipping	  emission.	  	  	  Figure	  3.29	  shows	  the	  column	   integrated	  CCN	  number	  concentration.	  The	  naturally	  produced	  CCN	  over	  the	  northern	  mid-­‐latitude	  Pacific	  Ocean	  has	  a	  concentration	  of	  600-­‐800	  m-­‐2(Figure	  3.29(b)).	  The	  volcano	  emission	  at	  Hawaii	  introduced	  CCN	  concentration	  of	  over	  1000	   m-­‐2.	   The	   CCN	   concentration	   in	   northern	   Atlantic	   Ocean	   is	   400-­‐500	   m-­‐2.	   The	   CCN	  concentration	   over	   the	   India	  Ocean	   is	   even	   lower	   than	   over	   the	   Atlantic	  with	   a	   value	   of	  100-­‐300	  m-­‐2.	  	  With	  the	  anthropogenic	  emission	  from	  South	  Africa	  and	  Chili	  turned	  off,	  the	  column	  integrated	   CCN	   concentration	   over	   the	   subtropical	   Atlantic	   Ocean	   decreases	   from	   1000-­‐2000	  m-­‐2	   to	  700-­‐900	  m-­‐2.	  We	  can	  see	  decreases	   from	  600-­‐900	  m-­‐2	   to	  500-­‐700	  m-­‐2	   in	   the	  Southern	   Ocean.	   So	   even	   though	   anthropogenic	   emissions	   have	   little	   impact	   on	   surface	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layer	   CCN	   in	   the	   Southern	   Hemisphere,	   as	   discussed	   above,	   they	   do	   effect	   the	   column	  abundance.	  Doubling	  anthropogenic	  SO2	  emission	  increases	  the	  northern	  hemisphere	  and	  subtropical	   southern	   hemisphere	   ocean	   CCN	   column	   concentration	   (Figure	   3.29(c)).	   The	  averaged	  column	  CCN	  in	  the	  Southern	  Ocean	  does	  not	  increase	  much,	  which	  increase	  from	  565	  m-­‐2	  in	  the	  baseline	  case	  to	  632	  m-­‐2	  in	  the	  doubling	  emission	  case.	  There	  is	  hardly	  any	  change	  with	  shipping	  emission	  turned	  off	  (Figure	  3.29(d)).	  	  
	  
	  
Figure	   3.29	   Same	   as	   Figure	   3.28	   but	   for	   column	   integrated	   CCN	   number	  concentration.	  	  3.3.2.1	  No	  Anthropogenic	  SO2	  and	  primary	  sulfate	  emission	  case	  To	   identify	   the	   contribution	  of	   anthropogenic	   sulfate	   to	   the	  marine	  aerosol	   loading	  and	   CCN	   number	   concentration,	   we	   turn	   off	   the	   emissions	   of	   SO2	   and	   primary	   sulfate	  aerosols	  due	  to	  human	  activities	  including	  energy	  use,	  industry,	  agriculture	  waste	  burning,	  domestic	   burning,	   transportation,	   waste	   treatment,	   and	   ship	   emission,	   leaving	   the	   DMS	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emissions	  over	  the	  ocean,	  continuous	  volcano	  emission,	  forest	  fire,	  and	  grass	  fire	  burning.	  The	  aerosol	  number	  size	  distributions	  over	  the	  global	  oceans	  are	  seen	  in	  Figure	  3.30.	  The	  Aitken-­‐mode	   number	   concentrations	   are	   reduced	   by	   a	   factor	   of	   2	   in	   the	   Northern	  Hemisphere	   without	   anthropogenic	   gases.	   The	   change	   is	   less	   evident	   in	   the	   Southern	  Hemisphere	  tropical	  oceans	  (0-­‐15	  oS).	  We	  can	  still	  see	  some	  difference	   in	   the	  subtropical	  and	  temperate	  oceans	  (15-­‐45S).	  There	  is	  little	  difference	  in	  the	  Southern	  Oceans	  (45-­‐60S).	  It	   is	   obvious	   that	   the	   influence	   of	   human	   activities	   is	   mainly	   imposed	   in	   the	   Northern	  Hemisphere.	  But	  we	  still	  can	  see	  some	  influence	  in	  the	  Southern	  Hemisphere	  as	  far	  as	  45oS.	  	  
	  
Figure	  3.30	  Same	  as	  Figure	  3.24	  compared	  with	  anthropogenic	  emission	  turned	  off.	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  The	   decreases	   of	   CCN	   number	   concentration	   due	   to	   turning	   off	   the	   anthropogenic	  emission	  are	  most	  evident	  near	  the	  source	  region	  (Figure	  3.31).	  CCN	  number	  concentration	  at	  the	  surface	  decreases	  by	  over	  1000	  cm-­‐3	  in	  Eastern	  China,	  India,	  Eastern	  United	  States,	  Southern	  Europe,	  South	  Africa,	  and	  Middle	  East.	  CCN	  number	  decreases	  by	  100-­‐500	  cm-­‐3	  off	   the	  west	  coast	  of	   the	  United	  States	  and	  by	  200-­‐1000	  cm-­‐3	  off	   its	  east	  coast.	   	   	  The	  CCN	  number	  decreases	  by	  200-­‐500	  cm-­‐3	  off	  the	  western	  coast	  of	  Europe	  and	  500-­‐1000	  cm-­‐3	  off	  	  the	   eastern	   coast	   of	  Asia.	   The	   remote	  mid-­‐latitude	  Atlantic	  Ocean	  has	   a	   CCN	  decrease	   of	  100-­‐200	   cm-­‐3,	  while	   CCN	   decreases	   by	   50-­‐100	   cm-­‐3	   over	   the	   remote	  mid-­‐latitude	   Pacific	  Ocean,	  which	   indicates	   that	   the	  Atlantic	  Ocean	   is	  more	  vulnerable	   to	   the	  human	   imposed	  CCN	  change.	  It	   is	  reasonable	  to	  argue	  that	  the	  Northern	  Hemisphere	  mid-­‐latitude	  Atlantic	  Ocean	   is	   narrower	   than	   the	   Pacific	   and	   therefore	   the	   pollutions	  west	   and	   east	   from	   the	  continents	   are	   more	   difficult	   to	   be	   removed.	   Over	   the	   subtropical	   oceans	   CCN	   number	  decreases	   by	   10-­‐50	   cm-­‐3.	   Eliminating	   the	   anthropogenic	   emission	   increases	   the	   CCN	  number	  over	   the	   tropical	  Pacific	  and	   the	  Southern	  Ocean	  around	  60	  oS	  by	  5-­‐20	  cm-­‐3.	  The	  comparison	   of	   size	   distribution	   for	   60-­‐75	   oS	   in	   Figure	   3.30	   shows	   that	   there	   are	   more	  particles	  larger	  than	  0.1	  µm	  and	  less	  particles	  smaller	  than	  0.1	  µm	  without	  anthropogenic	  emission,	  which	  indicates	  that	  at	  some	  places	  between	  60-­‐75	  oS	  gases	  tend	  to	  condense	  on	  preexisting	  particles	  rather	  than	  to	  nucleate	  to	  form	  new	  particles.	  	  The	  higher	  vulnerability	  to	  the	  anthropogenic	  SO2	  emission	  over	  the	  remote	  Atlantic	  Ocean	  than	  the	  Pacific	  Ocean	  is	  more	  evident	  in	  the	  column	  integrated	  CCN	  change	  (Figure	  3.31(b)).	  The	  column	   integrated	  CCN	  number	  decrease	  over	   the	  remote	  Atlantic	  Ocean	   is	  1000-­‐5000	  m-­‐2,	  which	  is	   larger	  than	  the	  remote	  Pacific	  Ocean	  where	  the	  decrease	  is	  500-­‐
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1000	   m-­‐2.	   Over	   the	   remote	   oceans	   in	   the	   temperate	   Southern	   Hemisphere	   column	  integrated	  CCN	  decreases	  by	  100-­‐500	  m-­‐2.	  Over	  the	  Southern	  Ocean	  column	  integrated	  CCN	  decrease	  by	  50-­‐100	  m-­‐2	  without	  anthropogenic	  emissions.	  Compared	  to	  the	  increase	  in	  the	  surface	   layer,	   the	   upper	   layers	   of	   atmosphere	   have	   decreased	   number	   concentration	  because	  there	  are	  decrease	  in	  the	  nucleation	  events.	  
	  
	  
Figure	  3.31	  The	  difference	  of	  surface	  layer	  CCN	  number	  concentration	  at	  supersaturation	  of	  0.4%	  between	  with	  and	  without	  anthropogenic	  emission.	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   Figure	  3.32(a)	  shows	  the	  percentage	  change	  of	  surface	  layer	  CCN	  if	  we	  turn	  off	  the	  anthropogenic	   SO2	   emissions.	   	   The	   percentage	   change	   is	   obtained	   by	   dividing	   the	   CCN	  concentration	  difference	  between	  no	  anthropogenic	  SO2	  case	  and	  current	  emission	  case	  by	  that	  of	  current	  emission	  case.	  A	  100%	  decrease	  indicates	  no	  CCN	  left	  when	  turning	  off	  the	  anthropogenic	  emission.	  The	  CCN	  number	  concentrations	  decrease	  by	  80%	  to	  100%	  over	  China,	   India,	   Middle	   East,	   Southern	   Europe,	   South	   Europe,	   and	   the	   United	   States	   in	   the	  Northern	  Hemisphere	   and	  Chili,	   South	  Africa,	   and	  Australia	   in	   the	   Southern	  Hemisphere.	  Note	  that	  our	  model	  includes	  the	  sulfate	  aerosol	  but	  does	  not	  have	  dust	  and	  carbonaceous	  aerosols.	   The	   percentage	   changes	   are	   60%	   to	   80%	   over	   the	   Eurasia	   and	  North	   America	  continents.	  There	  are	  20-­‐40%	  change	  of	  surface	  CCN	  over	  the	  remote	  Pacific	  Ocean	  and	  40-­‐60%	  change	  over	   the	  remote	  Atlantic	  Ocean.	  CCN	  concentration	  decreases	   less	   than	  20%	  over	   the	  tropical	  and	  subtropical	  oceans	  at	   the	  surface.	  The	  percentage	   increase	  over	   the	  Southern	  Ocean	  is	  less	  than	  10%.	  	  Figure	  3.32(b)	  shows	  the	  percentage	  change	  of	  column	  integrated	   CCN	   number	   concentration	  without	   anthropogenic	   SO2	   emission.	   The	  Atlantic	  Ocean	   CCN	   decreases	   by	   60-­‐80%	   and	   the	   Pacific	   Ocean	   CCN	   decreases	   by	   40-­‐60%.	   The	  tropical	   oceans	  CCN	  decreases	  by	   less	   than	  20%.	  The	  mid-­‐latitude	   Southern	  Hemisphere	  Ocean	  column	  integrated	  CCN	  decreases	  by	  20-­‐40%.	  The	  Southern	  Ocean	  CCN	  decreases	  by	  less	  than	  20%.	  Generally	  speaking,	  the	  change	  in	  the	  whole	  column	  is	  more	  dramatic	  than	  in	  the	  surface	  layer.	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Figure	  3.32	  Percentage	  change	  of	  (a)	  surface	  layer	  and	  (b)	  column	  integrated	  CCN(0.4%)	  number	   concentration	  due	   to	   turning	  of	   the	  anthropogenic	  emission	  of	   sulfate	  gases	  and	  direct	  emission.	  	  	  Figure	  3.33	  shows	  the	  histogram	  of	  the	  frequency	  of	  the	  CCN	  number	  concentration	  percentage	   change	  over	   the	  ocean	  with	  no	  anthropogenic	   emissions.	   In	   the	   surface	   layer	  (Figure	   3.33(a))	   87.6%	   of	   the	   ocean	   locations	   have	   decreases	   in	   CCN	   	   and	   12.4%	   of	   the	  ocean	  locations	  have	  increases	  in	  CCN	  when	  anthropogenic	  emissions	  cease.	  28.8%	  of	  the	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ocean	   locations	   have	   CCN	   decreases	   less	   than	   10%.	   46.5%	   of	   the	   ocean	   locations	   have	  decreases	   less	   than	  20%.	  The	  global	  averaged	  CCN	  number	  concentration	  over	   the	  ocean	  decreases	  by	  34.5%	  at	   the	   surface	  when	   anthropogenic	   emissions	   cease.	  Over	   the	  whole	  column	  99.7%	  of	  the	  ocean	  locations	  have	  decreases	  in	  CCN	  number	  concentration	  (Figure	  3.33(b)).	  63.6%	  of	   the	  ocean	  has	  a	  CCN	  decrease	  of	   less	   than	  40%.	   	  The	  global	   averaged	  CCN	   number	   concentration	   decreases	   by	   45.2%	   in	   the	  whole	   column	   of	   the	   atmosphere	  when	  anthropogenic	  emissions	  cease.	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Figure	  3.33	  Histogram	  of	  the	  frequency	  occurrence	  of	  the	  percentage	  change	  in	  (a)	  surface	  and	   (b)	   column	   integrated	   CCN	   number	   concentration	   over	   the	   global	   oceans	   with	   no	  anthropogenic	  emissions.	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3.3.2.2	  Double	  Year	  2000	  SO2	  and	  Direct	  Sulfate	  Emission	  Case	  Figure	  3.34(a)	   compares	   the	  global	  distribution	  of	  CCN	  number	   concentration	  with	  current	   and	   double	   current	   anthropogenic	   emissions.	   We	   double	   the	   SO2	   and	   sulfate	  aerosol	   direct	   emission	   introduced	   by	   energy	   use,	   industry,	   agriculture	   waste	   burning,	  domestic	  burning,	   transportation,	  waste	   treatment,	  and	  ship	  emission.	  We	  do	  not	  change	  the	   emission	   due	   to	   forest	   fire,	   grass	   fire	   and	   continuous	   volcanic	   eruptions.	   The	   CCN	  increases	   are	  most	   evident	   near	   the	   source	   region	  with	   an	   increase	   of	   500-­‐2000	   cm-­‐3	   in	  eastern	  China	  and	  some	  places	  in	  southeast	  Asia	  and	  South	  Africa,	  an	  increase	  of	  500-­‐1000	  cm-­‐3	  in	  the	  eastern	  United	  States,	  and	  an	  increase	  of	  300-­‐750	  cm-­‐3	  in	  Europe,	  Saudi	  Arabia,	  and	  India.	  Over	  the	  Northern	  Hemisphere	  remote	  ocean	  CCN	  concentration	  increases	  by	  20	  to	  50	  cm-­‐3.	  	  Over	  the	  Southern	  Ocean	  the	  CCN	  concentration	  change	  is	  less	  than	  10	  cm-­‐3.	  	  In	  some	  places	  in	  the	  roaring	  forties	  the	  CCN	  increase	  reaches	  50-­‐100	  cm-­‐3.	  	  The	  column	  integrated	  CCN	  concentration	  change	  is	  shown	  in	  Figure	  3.34(b).	  A	  much	  evident	  change	  is	  seen	  over	  the	  Northern	  Hemisphere	  oceans	  with	  an	  increase	  of	  300-­‐500	  m-­‐2	   when	   emissions	   are	   doubled.	   The	   increase	   in	   column	   CCN	   concentrations	   over	   the	  Southern	  Hemisphere	  oceans	  are	  about	  20-­‐200	  m-­‐2.	  	  	  
 149	  	  
 
Figure	   3.34	   Same	   as	   Figure	   3.31	   but	   for	   double	   anthropogenic	   SO2	   and	   direct	   sulfate	  aerosol	  emission	  case.	  	   	  	  The	   percentage	   change	   is	   obtained	   by	   dividing	   the	   CCN	   concentration	   difference	  between	  the	  doubling	  emission	  case	  and	  the	  current	  emission	  case	  by	  that	  of	   the	  current	  emission	  case	  (Figure	  3.35).	  A	  100%	  increase	  means	  that	  the	  CCN	  concentration	  is	  doubled.	  Increases	  in	  the	  column	  CCN	  concentration	  over	  the	  global	  oceans	  are	  less	  than	  20	  %	  at	  the	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Figure	  3.35	  Same	  as	  Figure	  3.32	  but	  for	  double	  the	  anthropogenic	  SO2	  and	  primary	  sulfate	  aerosol	  emission	  case.	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   Figure	   3.36	   shows	   the	   histogram	   of	   the	   frequency	   of	   percentage	   change	   in	   CCN	  number	  concentration	  over	  the	  global	  oceans	  with	  double	  the	  year	  2000	  anthropogenic	  SO2	  and	  primary	  sulfate	  aerosol	  emissions.	  38.1%	  of	  the	  ocean	  has	  a	  CCN	  increase	  of	  less	  10%	  and	  64.4%	  of	  the	  ocean	  has	  a	  CCN	  increase	  of	  64.4%	  (Figure	  3.36	  (a)).	  The	  global	  averaged	  increase	  of	  CCN	  number	  concentration	  over	  the	  ocean	  is	  21.5%	  with	  double	  anthropogenic	  emissions.	  For	  the	  column	  integrated	  CCN	  change	  (Figure	  3.36	  (b)),	  37.8%	  of	  the	  ocean	  has	  a	  CCN	   increase	  of	   less	   than	  20%	  and	  70.6%	  of	   the	  ocean	  has	  a	  CCN	   increase	  of	   less	   than	  30%.	  The	  global	  averaged	  column	  integrated	  percentage	   increase	  of	  CCN	  due	  to	  doubling	  the	  anthropogenic	  emission	  is	  27.6%.	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Figure	   3.36	   Same	   as	   Figure	   3.33	   but	   for	   double	   anthropogenic	   SO2	   and	   primary	   sulfate	  aerosol	  emissions	  case.	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3.3.2.3	  No	  Shipping	  Emission	  Case	  Shipping	  emissions	  are	  the	  most	  direct	  anthropogenic	  perturbation	  imposed	  over	  the	  ocean.	   It	   is	   interesting	   to	   ask	   a	   geoengineering	   question	   of	   how	   the	   CCN	   concentration	  would	  change	  if	  we	  do	  not	  have	  shipping	  emission	  over	  the	  ocean.	  Figure	  3.37(a)	  shows	  the	  surface	   CCN	   difference	   when	   the	   shipping	   emission	   is	   turned	   off.	   CCN	   concentration	  decrease	  by	  20-­‐200	  cm-­‐3	  over	   the	  busiest	  shipping	  routes	  over	   the	  Northern	  Hemisphere	  oceans.	  We	  also	   find	   increases	  of	  CCN	  concentration	  over	   some	  places.	  CCN	   increases	  by	  50-­‐300	  cm-­‐3	  over	  the	  source	  region	  in	  Eastern	  Asia	  and	  the	  United	  states.	  Increase	  of	  CCN	  number	   is	  also	  seen	   in	  remote	  continental	  regions	  such	  as	  Sahara	  Africa.	  These	   increases	  could	  be	  a	  feedback	  related	  to	  the	  change	  in	  the	  atmospheric	  clouds	  and	  rain	  that	  control	  the	   removal	   the	   CCN.	   They	   could	   also	   represent	   “noise”	   in	   the	   systemThe	   column	  integrated	  CCN	  difference	  shows	  consistent	  patterns	  of	  the	  regions	  with	  the	  increases	  and	  decreases	  (Figure	  3.37(b)).	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Figure	  3.37	  Same	  as	  Figure	  3.31	  but	  for	  no	  shipping	  emission	  case.	  	  	   	   The	   percentage	   change	   shows	   that	   the	   shipping	   emission	   has	   the	   most	   evident	  decrease	  by	  30%	  of	  CCN	  in	  the	  surface	   layer	  over	   the	  remote	  mid-­‐latitude	  North	  Atlantic	  Ocean	  and	  North	  Pacific	  Ocean	  where	  the	  shipping	  routes	  are	  (Figure	  3.38).	  Decreases	  over	  the	  India	  Ocean,	  Southeast	  Asia,	  and	  northwest	  Australia	  are	  more	  than	  30%.	  The	  column	  integrated	  CCN	  percentage	  change	  is	  consistent	  with	  the	  surface	  change.	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Figure	  3.38	  Same	  as	  Figure	  3.32	  but	  for	  no	  shipping	  emission	  case.	  	  Figure	   3.39(a)	   shows	   that	   70%	   of	   the	   ocean	   has	   decreased	   CCN	   number	  concentrations	  in	  the	  surface	  due	  to	  turning	  off	  the	  shipping	  emissions.	  32.8%	  of	  the	  ocean	  has	   a	   deceased	   CCN	   number	   concentration	   less	   than	   5%,	   and	   49.5%	   of	   the	   ocean	   has	   a	  decreased	  CCN	  less	  than	  10%.	  There	  is	  30%	  of	  the	  ocean	  that	  has	  an	  increased	  CCN	  number	  concentration.	   The	   global	   average	   decrease	   of	   CCN	   over	   the	   ocean	   due	   to	   turning	   of	  shipping	  emission	   is	  4.9%.	   	  Figure	  3.39(b)	   shows	   that	  78.8%	  of	   the	  ocean	  has	  decreased	  
 156	  	  
CCN	  number	  concentration	  over	  the	  whole	  column	  while	  41.7%	  has	  a	  decrease	  of	  less	  than	  5%.	   The	   global	   average	   column	   integrated	   CCN	   decrease	   due	   to	   turning	   off	   shipping	  emission	  is	  3.5%.	  	  
	  
Figure	  3.39	  Same	  as	  Figure	  3.	  33	  but	  for	  no	  shipping	  emission	  case.	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   Figure	  3.40	  shows	  the	  percentage	  difference	   in	   the	  column	  integrated	  cloud	  water	  path	  and	  precipitable	  water	  due	  to	  turning	  off	  shipping	  emissions.	  We	  are	  not	  sure	   if	   the	  difference	   is	   introduced	   by	   turning	   off	   shipping	   emission	   or	   some	   random	   errors.	   The	  increase	  of	   the	   cloud	  water	  path	   in	  North	  Africa	   is	  probably	  due	   to	   the	   low	   liquid	  water	  content	   and	   CCN	   number	   concentration	   there.	   This	   area	   is	   known	   for	   the	   dust	   emission	  that	  is	  not	  represented	  in	  our	  model.	  	  We	  do	  not	  include	  black	  carbon	  and	  organic	  carbon	  aerosols	  in	  the	  model	  either.	  The	  lack	  of	  other	  aerosol	  species	  could	  introduce	  errors	  when	  we	  perturb	  the	  anthropogenic	  emissions,	  especially	  when	  the	  perturbations	  are	  small	  .	  
	  
	  
Figure	   3.40	   Global	   distribution	  of	   column	  percentage	  difference	   in	   (a)	   cloud	  water	  path	  and	  (b)	  precipitable	  water.	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3.4	  Summaries	  In	  this	  section	  we	  developed	  a	  sea-­‐salt/sulfate	  model	  based	  on	  CAM5/CARMA3.	  The	  model	  includes	  10	  processes	  indicated	  by	  Katoshevski	  et	  al.,	  (1999)	  to	  represent	  the	  MBL	  aerosols	  including	  :	  (1)	  surface	  emission	  of	  DMS;	  (2)	  gas-­‐phase	  oxidation	  of	  DMS	  to	  SO2;	  	  (3)	  gas-­‐phase	  oxidation	  of	  SO2	  to	  H2SO4;	  (4)	  mass	  transfer	  of	  SO2and	  H2SO4	  to	  cloud	  droplets;	  (5)	  homogenous	  nucleation	  of	  H2SO4/H2O;	   (6)	  wet/dry	  deposition;	   (7)	   aerosol	   activation	  and	   release	   from	   evaporating	   droplets;	   (8)	   aqueous-­‐phase	   oxidation	   of	   SO2	   in	   cloud	  droplets;	  (9)	  sea-­‐salt	  and	  sulfate	  production	  at	  sea	  surface;	  and,	  (10)	  entrainment	  of	  free-­‐tropospheric	  aerosols.	  There	  are	  several	  model	  deficiencies.	   	  The	  model	  does	  not	   include	  aqueous-­‐phase	  oxidation	  of	  SO2	  in	  sea	  salt	  droplets.	  	  There	  are	  issues	  with	  particle	  number	  conservation	  when	   cloud	  droplets	   evaporate	   and	   release	   sulfate	   and	   sea	   salt	   back	   to	   the	  aerosol.	   Introducing	   a	   size	   dependent	   wet	   scavenging	   rate	   may	   also	   helps	   to	   make	   the	  model	   consistent	   with	   the	   observed	   aerosol	   size	   distribution.	   The	   changes	   in	   aerosol	  numbers	  also	  feedback	  to	  the	  cloud	  model	  in	  CAM5.	  	  The	  aerosol	  absorption	  and	  scattering	  in	   the	  model	   have	   not	   been	   related	   to	   CARMA	   aerosols.	   The	   evaporation	   of	   cloud-­‐borne	  aerosols	   is	   faster	   than	   the	   activation	   of	   interstitial	   aerosols.	   We	   have	   not	   evaluated	   the	  importance	  of	  these	  changes	  in	  clouds	  either	  to	  the	  aerosols,	  or	  to	  climate.	  	  	  	   The	  gas	  budget	  is	  reasonable	  compared	  with	  Liu	  et	  al.	  (2011)	  whose	  modal	  aerosol	  model	   (MAM3)	   is	   based	   on	   the	   same	   climate	   model	   (CAM5)	   and	   chemistry	   package.	  Simulated	  SO2	  concentration	   is	  higher	  than	  IMPROVE	  observations	   in	   the	  western	  United	  States	  but	  agrees	  with	  observations	  in	  the	  eastern	  United	  States,	  which	  is	  also	  seen	  in	  Liu	  et	  al.	   (2011).	  A	  more	  sophisticated	  chemical	  scheme	   in	  which	  OH	   is	  predicted	  may	   improve	  the	  simulations.	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We	   noticed	   that	   CAM5/MAM3,	   as	   many	   other	   aerosol-­‐climate	   models,	   ignores	   the	  sulfate	   aerosol	   emitted	   from	   sea	   spray,	   which	   is	   a	   source	   term	   that	   is	   of	   orders	   of	  magnitude	  larger	  than	  the	  other	  terms.	  Since	  we	  assume	  that	  sea-­‐salt	  sulfate	  mass	  takes	  up	  10.53%	  of	  the	  sea	  salt	  mass	  globally,	  which	  is	  reasonable	  as	  indicated	  by	  observations,	  this	  makes	  the	  sea	  salt	  emission	  very	  important	  for	  the	  sulfate	  aerosol	  loading	  over	  the	  ocean.	  Our	  model	   is	   capable	   of	   reproducing	   the	   observed	   non-­‐sea-­‐salt	   sulfate	   over	   the	   remote	  ocean.	  However,	  sea	  salt,	  sea-­‐salt	  sulfate,	  and	  the	  total	  sulfate	  mass	  concentration	  does	  not	  agree	  with	  the	  observation	  at	  some	  locations.	  Possibly	  these	  differences	  are	  due	  to	  poorly	  represented	  winds	   in	   CAM5.	  We	   previously	   showed	   that	   reanalysis	  winds	   allowed	   us	   to	  match	   observed	   sea	   salt	   concentrations	   (Chapter	   2).	   	   More	   simulations	   with	   reanalysis	  winds	   are	   needed	   to	   better	   compare	   simulations	   of	   the	   sea	   salt	   and	   sulfate	   mass	   with	  observations.	   The	   sulfate	   PM2.5	   is	   higher	   than	   IMPROVE	   observations	   in	   the	   Western	  United	  States	  and	  agrees	  well	  in	  the	  eastern	  United	  States.	  	  The	  model	   simulates	   a	   large	   number	   of	   Aitken-­‐mode	   (radius	   <	   0.05	   µm)	   particles	  over	  the	  Northern	  Hemisphere.	  They	  are	  produced	  by	  nucleation	  process.	  However,	  those	  particles	  are	  too	  small	  to	  influence	  the	  CCN	  concentration.	  	  Accumulation	  and	  coarse-­‐mode	  (radius	  >	  0.05	  µm)	  particles	  are	  in	  the	  size	  ranges	  that	  serve	  as	  CCN.	  Accumulation-­‐mode	  aerosols	  are	  abundant	  near	  the	  source	  region	  and	  can	  be	  transported	  across	  the	  Pacific	  and	  Atlantic	   Ocean.	   The	   concentration	   over	   the	   ocean	   is	   about	   100-­‐200	   cm-­‐3.	   Coarse-­‐mode	  aerosol	  concentration	  is	  one	  order	  of	  magnitude	  lower	  than	  the	  accumulation	  mode.	  The	  CCN	  number	   concentration	   is	   controlled	  by	  both	   emission	  and	  wet	  deposition.	  The	  model	   tends	   to	  predict	   lower	  CCN	  number	   than	  observed	  over	   the	   remote	  Southern	  Hemisphere	  oceans	  by	  a	  factor	  of	  2~3.	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   The	   model	   tends	   to	   predict	   a	   smaller	   mass	   in	   the	   sea	   salt	   mode	   than	   AERONET	  retrievals	   find.	   The	   sea	   salt	   wet	   deposition	   rate	   is	   not	   as	   high	   in	   CAM5/CARMA	   as	   in	  CAM3/CARMA,	  possibly	  due	  to	  the	  inappropriate	  choice	  of	  the	  solubility	  factor.	  	  	   The	   most	   evident	   impact	   of	   human	   activities	   on	   CCN	   concentration	   is	   near	   the	  source	   region.	   Turning	   off	   the	   anthropogenic	   emission	   result	   in	   34.5%	   reduction	   in	   CCN	  number	   over	   the	   ocean	   in	   the	   surface	   layer	   and	   45.2%	   in	   the	   column.	   Doubling	   the	  anthropogenic	  emission	  increases	  the	  CCN	  number	  over	  the	  ocean	  by	  21.5%	  at	  the	  surface	  and	   27.6%	   over	   the	   whole	   column.	   Turning	   off	   the	   shipping	   emission	   results	   in	   4.9%	  reduction	  of	  CCN	  in	  the	  surface	  layer	  and	  3.5%	  over	  the	  column.	  	   More	  work	  is	  needed	  to	  develop	  the	  sea	  salt/sulfate	  model	  based	  on	  CAM5/CARMA.	  We	  are	  in	  the	  process	  of	  integrating	  sulfate,	  sea	  salt,	  BC/OC,	  and	  dust	  so	  that	  CARMA	  serves	  as	  an	   independent	  aerosol	  package	  outside	  MAM3.	  We	  are	  still	  working	  on	   fully	  coupling	  the	  the	  CARMA	  aerosols	  to	  CAM5	  cloud	  field.	  The	  significance	  of	  aqueous	  phase	  chemistry	  inside	  sea	  salt	  aerosols	  needs	  to	  be	  further	  explored.	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Chapter	  4.	  	  Conclusions	  	   In	   this	   research,	   we	   developed	   a	   global	   aerosol	   model	   to	   simulate	   the	   marine	  aerosols	   and	   cloud	   condensational	   nuclei.	   The	  model	   couples	  NCAR’s	   atmosphere	  model	  CAM	  and	  the	  aerosol	  microphysical	  model	  CARMA.	  Our	  goal	  is	  to	  use	  the	  coupled	  model	  to	  study	  the	  origin	  of	  the	  marine	  CCN	  and	  the	  impact	  of	  anthropogenic	  pollution	  on	  them.	  	  	  	   The	  first	  part	  of	  this	  research	  is	  to	  model	  the	  sea	  salt	  aerosols.	  Sea	  salt	  aerosols	  are	  produced	   by	   wind-­‐driven	   processes,	   which	   are	   characterized	   by	   source	   functions.	   We	  review	  the	  sea	  salt	  source	  functions	  from	  the	  literature	  and	  incorporate	  several	  of	  them	  in	  various	   size	   ranges	   into	  one	   source	   function.	  The	   combined	  CMS	  source	   function,	  named	  after	  the	  initials	  of	  its	  components	  (Clarke,	  Monahan,	  and	  Smith	  source	  functions)	  has	  been	  compared	   with	   other	   traditional	   source	   functions.	   The	   CMS	   source	   function	   shows	  advantages	   in	   modeling	   the	   sea	   salt	   mass,	   optical	   depth,	   and	   number	   concentration	  simultaneously	   because	   it	   covers	   the	   aerosol	   size	   ranges	   that	   are	   important	   for	   these	  quantities.	  	  	   We	   find	  that	   the	  removal	  processes	  are	  equally	   important	  as	   the	  source	   functions.	  The	   sea	   salt	   optical	   depth	   is	   very	   sensitive	   to	   the	  wet	   scavenging	   by	   cloud	   and	   rain.	  We	  adjust	   the	  wet	   scavenging	   rate	   in	  our	  model	   so	   that	   the	   corresponding	   residence	   time	   is	  consistent	  with	  the	  AEROCOM	  estimation.	  We	  find	  that	  the	  sea	  salt	  mass	  and	  optical	  depth	  peak	   in	   the	   winter	   when	   winds	   are	   highest.	   However,	   sea	   salt	   numbers	   and	   CCN	  concentrations	   peak	   in	   summer	   when	   rainfall	   is	   lowest.	   This	   difference	   in	   seasonal	  behavior	   is	   due	   to	   the	   fact	   that	   the	   particles	   controlling	   mass	   and	   optical	   depth	   have	  significant	   removal	   rates	  due	   to	   sedimentation,	  while	   the	   small	  particles	   that	   control	   the	  number	  are	  lost	  by	  rainout	  and	  washout.	  	  
 162	  	  
	   The	   model	   captures	   the	   seasonal	   variation	   of	   sea	   salt	   mass	   very	   well.	   However,	  there	   are	   relatively	   few	   datasets	   for	   optical	   depth	   and	   number	   concentration	   that	   are	  specific	  to	  sea	  salt.	  Data	  are	  particularly	  lacking	  for	  sea	  salt	  particles	  less	  than	  0.1µm	  and	  for	  larger	  spume	  droplets.	  One	  way	  to	  isolate	  sea	  salt	  is	  through	  wind	  speed	  dependence.	  Based	   on	  measurements	   by	  Mulcahy	   et	   al.	   (2008)	   in	   Ireland,	   the	  model	   reproduces	   the	  wind-­‐dependence	   of	   sea	   salt	   optical	   depth.	   We	   also	   notice	   that	   the	   dependence	   varies	  slightly	  among	  difference	  oceans.	  We	  find	  good	  agreement	  between	  modeled	  and	  observed	  wind	  speed	  dependence	  of	  number	  concentration	  at	  multiple	  locations	  although	  the	  model	  over-­‐predicts	  the	  number	  at	  zero	  wind	  speed.	  This	  over-­‐prediction	  could	  reflect	  different	  rainfall	  amounts	  between	  the	  modeled	  year	  and	  the	  observed	  year.	  The	  fraction	  of	  particles	  smaller	  than	  0.05	  µm	  modeled	  by	  the	  CMS	  source	  function	  agrees	  well	  with	  measurements.	  It	   is	   estimated	   that	   CCN	   concentrations	   from	   sea	   salt	   are	   10-­‐20	   cm-­‐3	   in	   the	   tropics	   and	  around	  100	  cm-­‐3	  in	  the	  “roaring	  forties”.	  The	  modeled	  sea	  salt	  size	  distribution	  agrees	  well	  with	  the	  AERONET	  coarse-­‐mode	  area	  size	  distribution.	  	  	   The	  second	  part	  of	  the	  research	  is	  to	  model	  sea	  salt/sulfate	  aerosol	  and	  the	  marine	  CCN.	  We	  model	  the	  sulfur	  cycle	  including	  gas-­‐phase	  and	  aqueous-­‐phase	  production	  of	  the	  sulfate	  aerosols.	  We	  also	   introduce	   the	  activation	  of	  aerosols	   to	   form	  cloud	  droplets.	  The	  budget	  of	  the	  gas	  species	  compares	  well	  with	  previous	  modeling	  works.	  We	  notice	  that	  lots	  of	  the	  previous	  models	  ignore	  the	  sulfate	  emission	  from	  sea	  spray,	  which	  is	  a	  source	  term	  that	  is	  orders	  of	  magnitude	  larger	  than	  the	  other	  source	  terms.	  The	  measurements	  indicate	  a	  large	  fraction	  of	  the	  total	  sulfate	  over	  the	  ocean	  is	  from	  sea	  spray.	  Therefore,	  sulfate	  mass	  is	  sensitive	  to	  the	  sea	  salt	  loading.	  Although	  our	  model	  is	  capable	  of	  modeling	  the	  observed	  non-­‐sea-­‐salt	  sulfate	  mass	  over	  the	  remote	  oceans,	  the	  modeled	  total	  sulfate	  and	  sea	  salt	  do	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not	  agree	  at	  all	  locations	  with	  the	  observations.	  In	  Chapter	  2	  we	  did	  obtain	  good	  agreement	  with	   sea	   salt	   observations,	   but	   the	   winds	   in	   those	   simulations	   came	   from	   observations.	  More	   simulations	   with	   reanalysis	   meteorological	   data	   are	   need	   to	   better	   compare	  simulations	  to	  the	  observations	  with	  CAM5/CARMA.	  	  	   The	  model	  simulates	  many	  small	  particles	  formed	  by	  nucleation	  over	  the	  Northern	  Hemisphere	   continents	   and	   in	   the	   tropical	   upper-­‐troposphere	   and	   lower-­‐stratosphere.	  	  These	  small	  particles	  coagulate	  to	  form	  medium-­‐sized	  particles	  that	  contribute	  to	  the	  CCN-­‐sized	  particles	  over	  the	  Northern	  Hemisphere	  oceans.	  At	  Midway	  Island,	  which	  is	  located	  in	  the	   mid-­‐latitude	   Northern	   Hemisphere	   remote	   ocean,	   the	   sulfate	   from	   gas-­‐phase	  conversion,	  condensation	  or	  cloud	  evaporation	  contributes	  to	  the	  CCN	  number	  and	  mass	  in	  size	  range	  around	  0.03-­‐0.1	  µm.	  Sea	  salt	  dominates	  the	  CCN	  larger	  than	  0.1	  µm.	  At	  a	  location	  in	  the	  Southern	  Ocean,	  mixed	  sea	  salt	  and	  sulfate	  dominates	  the	  CCN	  number	  and	  sea	  salt	  dominates	   the	  CCN	  mass.	  According	   to	   those	   two	  sample	   sites,	   sea	   salt	  plays	  a	  dominant	  role	  in	  CCN	  at	  remote	  locations	  with	  high	  wind	  speeds,	  while	  nucleation	  and	  condensation	  contributes	  to	  the	  smallest	  CCN	  particles	  when	  wind	  speed	  is	  relatively	  low	  and	  pollution	  sources	  are	  relatively	  close.	  Sulfate	  aerosols	  are	  not	  as	   important	  as	   the	  sea	  salt	  aerosols	  over	  the	  remote	  ocean	  to	  form	  CCN.	  	  The	   anthropogenic	   impact	   of	   sulfate	   aerosol	   extends	   to	   45	   oS	   according	   to	   our	  sensitivity	   test.	  Turning	  off	   the	  anthropogenic	  emission	  result	   in	  34.5%	  reduction	   in	  CCN	  number	   over	   the	   ocean	   in	   the	   surface	   layer	   and	   45.2%	   in	   the	   column.	   Doubling	   the	  anthropogenic	  emission	  increases	  the	  CCN	  number	  over	  the	  ocean	  by	  21.5%	  at	  the	  surface	  and	   27.6%	   over	   the	   whole	   column.	   Turning	   off	   the	   shipping	   emission	   results	   in	   4.9%	  reduction	   of	   CCN	   in	   the	   surface	   layer	   and	   3.5%	   over	   the	   column.	   The	   impact	   of	   the	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anthropogenic	   emission	   on	  marine	   CCN	   is	  mostly	   reflected	   in	   the	  Northern	  Hemisphere.	  The	   changes	   in	  CCN	  number	  over	   the	   southern	  hemispheric	  oceans	  are	  usually	   less	   than	  10%	  at	  the	  surface.	  Changing	  the	  emission	  rates	  perturbs	  the	  atmospheric	  water	  content	  by	  changing	  the	  CCN	  number,	  which	  in	  turn	  could	  have	  feedbacks	  to	  the	  CCN	  number	  by	  wet	  scavenging	  processes.	  	  More	  work	  needs	  to	  be	  done	  to	   investigate	   the	   feedbacks	  between	  CCN	  and	  clouds.	  	  We	  are	  still	  working	  on	  fully	  coupling	  CARMA	  aerosols	  into	  the	  CAM5	  cloud	  scheme.	  We	  are	  in	   the	  progress	  of	   incorporating	   the	  dust	   and	   carbonaceous	  aerosols	   into	  CAM5/CARMA.	  	  We	   need	   to	   improve	   the	   aqueous-­‐phase	   chemistry	   to	   make	   the	   size	   distribution	   more	  reasonable.	  Introducing	  a	  size	  dependent	  wet	  scavenging	  rate	  may	  also	  helps	  to	  make	  the	  model	   consistent	  with	   the	   observed	   size	   distribution.	   The	   significance	   of	   aqueous	   phase	  chemistry	  inside	  sea	  salt	  aerosols	  needs	  to	  be	  further	  explored.	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